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V TIOW 
Abatraot 
This thesis i s concerned with the behaviour of a r t i c u l a r cartilage 
under compressive loading!, 
An apparatus was b u i l t to apply sinusoidal and constant loading to 
specimens of oartilage. The majority of the tests performed were on speoimens 
-of- bovine cartilage^—although some tests have been oonduoted on human patella" 
cartilage. Confined tests, with load, deformation and flow oonfined to en 
a x i a l d i r e c t i o n , were considered most r e a l i s t i o to the conditions i n the body, 
and so the majority of the work was on t h i s type of t e s t . However some tests 
of an 'unoonfined' nature, with a x i a l load but r a d i a l flow and deformation, 
were oarried out. 
An already established computer model of t h i s behaviour of cartilage 
was modified and used to reproduce the experimental r e s u l t s . The model i s 
based on f l u i d flow phenomena only and hence agreement with the experimental 
work was not e n t i r e l y satisfactory. However, the model does allow the e f f e c t 
of changes i n cartilage properties to be studied. The model yielded i t s most 
useful results for sinusoidal loading, where i t forecast similar results to 
the experimental work. 
The cartilage i s shown to be visco-elastic under conditions of steady 
load, the creep deformation being achieved by f l u i d flowing out of the 
specimen. The creep deformation i s shown to be recoverable on removal of 
load. Under sinusoidal loading, around the frequency of the walking cycle, 
flow processes are shown to contribute praotio&lly nothing t o the sinusoidal 
deformations achieved, the deformations i n t h i s case a r i s i n g almost e n t i r e l y 
from the e l a s t i c compressibility of the specimens. 
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1.0 Introduotion 
A r t i c u l a r cartilage takes the form of a t h i n layer attached to the 
end of each bone i n a Joint. I t i s both porous and deformable and i s crucial 
to the normal functioning of synovial j o i n t s * I t i s aocepted that i t s presence 
enables the transmission of the high loads ooourring i n j o i n t s w h i l s t l i m i t i n g 
the contact stresses to an aooeptably low l e v e l , and that i t also, i n conjunction 
w i t h synovial f l u i d , allows movement of the j o i n t with - very low f r i o t i o n a l 
resistance. 
The study of the mechanioal properties of a r t i c u l a r cartilage has 
continued with increasing fervour f o r many years* The investigations of i t s 
properties have arisen from the interest i n the mode(s) of l u b r i c a t i o n of 
j o i n t s and the reasons behind j o i n t f a i l u r e by a r t h r i t i s or associated diseases» 
The work carried out f o r t h i s thesis has been to investigate the 
load/time/deformation characteristics of a r t i o u l a r cartilage along s i m i l a r 
l i n e s to those followed by other workers, but hopefully bringing together some 
of the most important areas of t h e i r individual studies. For example, as w i l l 
be explained l a t e r , the uniaxial tests performed by Edwards (1967) are considered 
i n some ways to be the most r e a l i s t i c t ests, but he used only s t a t i c loading. 
I n the human body, very seldom i s there only s t a t i c loading, so similar tests 
t o Edwards' were performed, but using similar loading to that used by 
Johnson (l974)» a mean constant load w i t h a superimposed o s c i l l a t i n g load. 
The apparatus was designed to be as universal and to meet as many of 
the requirements as possible. I t was designed to allow a choice of type of 
t e s t conditions, and loading conditions, with suitable monitoring of eaoh. 
During the period of t h i s work i t beoame obvious that the s i t u a t i o n was more 
complex than had o r i g i n a l l y been thought, and r i g modifications have been made 
or been suggested i n the l a t e r documentation* 
Both bovine troohlea and human pa t e l l a oartllage have been used* 
Satisfactory results have been obtained under both s t a t i c and dynamio loading 
conditions, and for uniaxial and unoonfined tests. With the greater volume of 
experimental results , i t was hoped to use the oomputer model of a r t i o u l a r 
cartilage formulated by L i t o h f i e l d (1974) for more comparative studies. However 
i t was found neoesaary to a l t e r the programme s i g n i f i c a n t l y i n some aspeots, and 
the programme was also put i n dimensionless terms. These comparative studies 
are reported i n t h i s thesis. 
A l i t e r a t u r e review, Chapter 2, has been w r i t t e n , p r i m a r i l y to atate 
some of the present beli e f s about a r t i c u l a r cartilage and i t s properties, 
rather than r e - t e l l i t s history, whioh has been done several times by other 
workers. 
Chapter J deals with the theory involved i n t h i s study, most of whioh 
i s pertaining to the formulation of the oomputer model of a r t i c u l a r cartilage, 
but some i s included to shed l i g h t on the results from the experimental work. 
The requirements of the testing apparatus and the way i n which the 
te s t s were performed i s detailed i n Chapter Jf. This chapter also includes 
de t a i l s of the specimens and the way i n which they were prepared and handled 
before the tests. 
The results of a l l the experimental and computational work are 
presented i n Chapter 5, drawing comparison not only with the work performed 
here, but with the reported r e s u l t s of other researohers i n t h i s f i e l d . 
Disoussion of and conclusions about the work are presented f i n a l l y , 
w i t h the suggestions for improved techniques and future work being included 
at relevant positions throughout the thesis and summarised at the end. 
Appendix I reports on a short 3tudy of the load-deflection properties 
of subchondral bona, made as a r e s u l t of the experimental work on cart i l a g e . 
- 2 -
2.0 Literature Review of A r t i c u l a r Cartilage 
Comprehensive l i t e r a t u r e reviews of a r t i c u l a r cartilage have 
been w r i t t e n i n the l a s t few years by both Johnson (1974) and L i t c h f i e l d 
(1974) amongst others. Both of these reviews oover the h i s t o r i c a l back-
ground of research on t h i s topio, and devote seotions of the review to 
specif i c areas of study e.g. permeability and porosity, meohanioal properties, 
n u t r i t i o n , cartilage struoture, etc. ~~ 
As a f a l l l i t e r a t u r e review i n t h i s study would essentially be a 
repeat of the reviews of Johnson and L i t c h f i e l d , i t i s proposed here only to 
touch l i g h t l y on the ground that they oovered, and to oonoentrate primarily 
on presenting the ourrent state of research and b e l i e f s on a r t i o u l a r 
oartllage. Naturally certain areas have been of mors importance to the 
experimental and computational work of t h i s study, f o r instanoe the 
permeability of cartilage, and for t h i s reason these topios w i l l reoeive 
f u l l e e coverage. 
2.1 Permeability 
This seems to have proved one of the most d i f f i o u l t properties 
of a r t i c u l a r oartilage to investigate. Cartilage has a very high porosity 
but an exceedingly low permeability. Therefore i n order to measure 
permeability many workers have resorted to forcing f l u i d through a sample 
under pressure. This i s not an ideal s i t u a t i o n as any pressure on the 
oartilage w i l l be transmitted not only to the f l u i d , hence forcing i t 
through, but also to the matrix. This pressure on the matrix w i l l tend to 
oompress the matrix struoture and oause a olosing-up of the ohannels through 
the matrix, which i n turn w i l l lower the value of permeability reoorded. 
Also, due to the physical sise of any oartilage samples able to be tested, 
and the low value of permeability of these, any apparatus used f o r reoording 
permeability must be perfect. Any leakage, however small, could d r a s t i c a l l y 
a l t e r the reoorded values. 
- 3 -
Munding (1975) performed experiments to determine the permeability 
of cartilage from the trochlea of a oow, i n f a c t using specimens adjacent to 
those used f o r the experimental work recorded i n seotion 5.0 of t h i s thesis. 
The r i g used was based on the idea of squeezing the edges of a c y l i n d r i c a l 
speoimen and passing l i q u i d through the central portion. The l i q u i d was not 
passed under pressure, the only force d r i v i n g the l i q u i d through the speoimen 
was the constant head of l i q u i d above the specimen. The permeability i n 
t h i s oase i s given by:-
= volume flowrate x thiokness i n m x viscosity 
head x area of specimen 
The average values obtained were 7*8 x lO~^m^ fo r tap water and 
—19 2 * 
7.5 2 10 pm f o r Ringers solution, with the overall range of permeability 
obtained being from 5*1 = 11.3 x 10 ,7m . This i s j u s t f o r normal permeability. 
Munding di d not attempt t o measure transverse permeability. 
McCutchen (1962) using a disc, 5«3 mm diameter and 0*33 mm th i c k , 
trapped between two glass tubes, measured the normal permeability of cartilage 
from the leg j o i n t of a cow. He applied pressure (1 atm) to the water i n 
the lower tube and recorded the rate of ri s e of water i n the upper oolumn. The 
value of normal permeability obtained was 5o8 x l0**1^omVdyne seo (5»8 X l O " 1 9 * 2 
f o r water) and beoause t h i s includes the effect of viscosity the measured 
permeability would be d i f f e r e n t f o r a l i q u i d of d i f f e r e n t viscosity. MoCutohen 
also measured the tangential permeability by trapping the cartilage between s o l i d 
plates so constraining f l u i d flow to a tangential d i r e c t i o n . The tangential 
permeability was obtained from an analysis of the deformation of the cartilage 
-13 4/ 
as the l i q u i d 'wrings-out' and gave a value of 5*45 x 10 cm /dyne seo 
(5.45 x 10~l9m2 f o r water) but due to various factors MoCutchen states that 
t h i s could be too low, possibly by a factor of 2, leaving the p o s s i b i l i t y 
t h a t a r t i c u l a r cartilage could s t i l l have isotropio permeability. MoCutohen 
also investigated the va r i a t i o n of normal permeability with depth from the 
- 4 -
surfaoe and quoted values of 7.$5 x 10" om /dyne seo (7.65 z 10~1°m ) 
f o r the top SSB. 0.32 mm dlso and 4.3 x 10"1 ^ omVdyne seo (4.3 x 10~1^m2) 
f o r a lower 0.28 an dlso. 
Edwards (1967) using si m i l a r , but possibly s l i g h t l y more 
sophisticated apparatus, measured the normal permeability of a r t i c u l a r 
cartilage from the hip of a dog. He again used pressure, 70 p.s.i.(0 .48 UN/a2) 
to foroe-the l i q u i d through and so-obtained values-for the normal permeability 
of 1.09 x 10~ 1 3 omVdyne seo (1.09 x 10~ l 9 m 2 ) f o r saline and 3.3 x 1 0 - 1 3 
omV&yne seo (3*3 * l O - 1 ^ 2 ) f o r l i n g e r s solution. Edwards does however say 
that " I n praotioe i t i s possible that K may change with pressure and t h i s 
has yet to be determined". 
Haroudas (1968) I n applying an ion-exchange theory to a r t i c u l a r 
oartilage measured the f i x e d charge density (F.C.D.) v a r i a t i o n with depth. 
She states that "sinoe f l u i d flow takes plaoe through the 'pores' of the 
proteoglycan gel, i t i s olear that increasing the proteoglycans must lead t o 
decrease i n pore size and henoe i n permeability". Henoe as F.C.D, Increases, 
permeability deoreases. Besides graphs of F.C.D„ with depth, Maroudas 
produoed graphs of permeability c o e f f i c i e n t variation with depth. Experimental 
d i f f i c u l t i e s were encountered i n recording the permeability of the top 0.2 am 
of the oartilage from the surfaoe, but below t h i s there appeared to be a 
near linear relationship between permeability and depth from the surfaoe, 
the permeability decreasing i n the deeper layers. However the d i f f i c u l t i e s 
were overcome and the findings from the surfaoe layers were reported i n a 
second paper, Maroudas (l973$» An unexpected decrease i n permeability at 
the surfaoe was found i n most oases. Two of the "typical curves obtained 
by Haroudas are repeated i n Fig. 5.23 • Maroudas suggests that the 
decrease i s due to the fa o t that the bearing surfaoe of a r t i c u l a r oartilage 
i s made up of t h i c k l y packed smaller f i b r e s . Haroudas also performed tests 
whioh showed that cartilage does have isotropio permeability. 
- 5 
More recently Manaour and Mow (l976) have t r i e d t o investigate 
how some of the external factors offeot permeability. They have taken up 
the point made by Edwards that permeability may ohange with pressure* and 
produced graphs of t h i s effeot. The permeability versus pressure p l o t s show 
a non-linear relationship, with the effeot of pressure on permeability 
decreasing as pressure increases. From the graph of permeability versus 
pressure i t can be seen that Edwards' results taken at 70 p . s . i . 
(0,48 x 10%/m2) could be about 3Q# lower than the value they would be at 
low pressure. S i m i l a r l y MoCutchen's results taken at 1 atm w i l l be also 
reduoed from the value they would have at low pressure* 
L i t c h f i e l d (1974) f o r his computational work required to know 
how permeability was affected by s t r a i n of the material. For t h i s he used 
f i l t e r t i l e s of sintered f i b r e s from a polyolefine base, which met his 
requirements and he arrived at the relationship f o r a x i a l flow of 
K Z = K g < v ^ e j ) 3 
Mansour and Mow however investigated the effeot of s t r a i n on 
permeability, but were able t o use bovine oartilage as the t e s t material* 
I n a l l the results they quota i t would appear that f o r a l l driving pressures 
there i s a linear relationship between permeability and s t r a i n , the 
permeability da creasing with increased s t r a i n , but t h i s rate of decrease 
being less at higher pressures* 
These findings of Mansour and Mow would have been very important 
i n the computational work of t h i s thesis, but t h e i r paper was published 
only after completion of the computational work and indeed when the w r i t i n g -
up 9as almost finished* Compression of cartilage oauses compaction of the 
proteoglycan i n the tissue, which i n turn has been shown by Maroudas and 
Bullough (1968) t o deorease the permeability. Therefore the l i n e a r 
relationship between permeability and s t r a i n found from experiments actually 
performed on oartilage i t s e l f would seem to be nearer the t r u t h than 
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L i t o h f i o l d ' s relationship. Fig. 5*22 shows the effeot on the computer 
predioted strain-time characteristics of various relationships between 
permeability and s t r a i n . A large discrepancy can be seen to ocour between 
the linea r relationship of (b) and the L i t c h f i e l d relationship of ( d ) . 
Some typical values of permeability quoted by Man sour and How are 
f o r the lowest driving pressure of 1.4 x 10^ N/m2, 1.4 «- 3.4 x AQ~^at*/Na 
(1 . 4 - 3.4 at K f 1 m f o r water) at aero strain^decreasing to 0«6 - 1e7 x 
1 0 " 1 5 m 4 ^ j 8 (0.6 - 1.7 x K f 1 8 * 2 f o r water) at 3Q# s t r a i n . To show the effeot 
of pressure, the quoted figures f o r permeability are, f o r aero s t r a i n on the 
specimen, approximately 2.0 x 10"1^mV^s (2.0 x I 0 ~ l 8 m 2 f o r water) at very 
—15 L. —18 2 
low pressure decreasing non-linearly t o about 0.3 x 10 m A s (0 .3 x 10 m 
f o r water) at 2,8 x lofym 2 applied pressure. 
2.2 Struoture 
Investigations of the struoture of a r t i c u l a r oartilage have spanned 
many oenturies and produced many schools of thought. O r i g i n a l l y Hunter (1743) 
said the f i b r e s ran r a d i a l l y , but t h i s was questioned by Hassell (1849) and 
Schafer (1920) who thought, a f t e r l i g h t microscope studies, that oartilage 
was a completely homogeneous struoture. After t h i s , oame disooveries of 
f i b r e orientation at the surface, and that oartilage was made up of oollagen 
and ground substanoe. This was followed by conclusions of a 5& network of 
f i b r e s made up of f i b r i l s grouped together. The orientation of t h i s SD 
network has alone oaused controversy w i t h some workers favouring the idea of 
arcades of f i b r e s , some believing i n an oblique orie n t a t i o n between bone and 
surfaoe and more recently McCall (l969) that there were 3 d i s t i n c t sones 
through the depth. These are the s u p e r f i c i a l , intermediate and deep sones, 
each with t h e i r own orientation of f i b r e s . The idea of these, see Fig. (2 .1) 
three sones seems generally aooepted today. The deep sone i s composed of a 
t i g h t mesh of the thickest f i b r e s arranged to run i n a direct i o n perpendicular 
t o the bearing surfaoe. The intermediate sone, whioh i s much the largest 
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region i s mada up of S shaped ooiled fibres randomly orientated and enclosing 
larger spaoes. The superfioial zone, or bearing surface, is made up of 
parallel bundles of fibres running i n directions parallel to the surface» 
The surface of the cartilage I t s e l f oould be the most important of 
a l l the areas of study into cartilage structure. Maroudas (1973$ stressed 
i t s importance i n the permeability of cartilage, and i t i s exceedingly 
important when studying the lubrioation mechanisms of jointsa The surface 
alone has been investigated by Balass et a l (1966) who studied bovine oartilage 
between 7 months of embryonic l i f e and 12 years old* 
I n the very young specimen they found a random distribution of 
oollagen fibres at the surface with chondrocytes very olose to the surfaces 
However, a fibrous material, thinner than the dominant oollagen fibres was 
visible, especially close to the surface, but no diatinot layer of such material 
was evident. In the older speoimens the collagen fibres have a random structure 
and are denser than i n young adults. The chondrocytes are always remote from 
o 
the surface. However by adult l i f e fine filBsucents 60 - 90 A thick, inter-
mingled with some amorphous material, appear to be accumulating on the surface. 
With increased age this f e l t - l i k e filamentous-amorphous surface layer became 
denser and thicker. This eventually produoes a distinct layer on the surfaoe 
of the collagen fibres which oould be what i s sometimes referred to as the 
lojai&a-splendens, which i n no way resembles the basement membrange. The 
authors put forward suggestions as to what this surfaoe layer i s and to i t s 
funotion, but whatever i t i s made up of, i t could certainly be the cause of 
the unexpected permeability drop at the surfaoe and oould enhance or dispel 
certain beliefs about lubrioation mechanisms i n joints. 
Very reoently studies have been performed and reported, Minns and 
Stevens (l976), on the oollagen f i b r i l organisation of human artioular 
oartilage. Using a newly devised teohnique for selectively depolymeriaing 
the proteoglycan, whioh strongly adheres to oollagen, they removed the 
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proteoglyoen and examined the pure collagen in the soanning eleotron mioroseope» 
They agreed that In the deep zone the collagen fibres ran radially, then 
upwards in an aroaded manner to the upper gone, where the fibres ran, i n an 
unorganised fashion, parallel to the surfaoe. They reported the absenoe of 
any layer that oould be termed the lamina splendens, a faot they ezpeoted as 
the ansyme digestion teohnique used i n preparation would have removed suoh a 
layer. 
2.3 Meohanioal Properties of Articular Cartilage 
Investigations of the meohanioal properties have been i n progress 
for over a century, and workers have employed many techniques for studying thea. 
Throughout there have been three main types of test performed: 
1) Indentation; this has the advantage of being very simple to perform and 
does not require the oartilage to be disturbed before testing. 
2) Unoonfined tests where a plug of cartilage or oartilage and bone i s 
removed and compressed i n a manner allowing strains i n a l l directions, and 
3) Confined tests or uniaxial tests which are similar to the unoonfined 
tests but restriot strains and flow to one direction only, the direction of 
load application. 
Methods of interpretation of the results obtained have also varied, some 
studying long terra responses and some instantaneous responses or the responses 
to oscillating loads. 
I t i s intended i n this review to present i n chronological order the 
work already reported, although only brief comment w i l l be made on some of the 
papers where they are not especially relevant to the work i n this thesis. 
Leidy (1849) despite l i t t l e instrumentation studied the compression 
of oartilage and noted i t s capability of imbibing synovial f l u i d and returning 
to i t s original dimensions after drying. He noted that the imbibing of 
synovial f l u i d s t i l l took place when the dried cartilages were loaded with 
about 10 l b s / i n 2 (69 x 10^N/m2), showing the power with which this process 
takes plaoe. He olaimed that the properties of cartilage would enable i t to 
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diminish the violenoe of blows or shocks* and that i t was possible for 
cartilage to wear, but afterwards i t would lay down new surface layers, as 
these appeared to him to look newer than the deeper layers* 
A long time interval then elapsed before Hirsoh (1944) took up the 
investigation with indentation tests on i n si t u human oartilage. He noted 
instantaneous then oreep deformations with reoovery following the same pattern, 
but he did not fi n d that complete reoovery took plaoe, probably due to his 
tests being conducted i n air . He noted that longer than 30 mins• was required 
to reach equilibrium on loading, and the longer the loading the greater the 
permanent deformation when unloaded° Hirsoh agreed that indentation tests 
were not true to l i f e conditions and said they more closely represented a 
faulty j o i n t with restricted contact area. 
MoCutohen (196*2), besides studying porosity and permeability, 
studied the stiffness of artioular oartilage from the leg jo i n t of a oow. He 
compressed discs (5*43 mm diameter and 0.823 mm thiok) between porous plates, 
and produced deformation/time graphs for increasing loads. From these he 
oaloulated values of Young's Modulus for the f i r s t 0.28 mm defleotion of 
5.8 x 10^N/m2 for water and 3.2 z for saline. The instantaneous 
modulus of 1.1 z loTn/m2, being greater than the others, was attributed to 
"not very mobile water." 
Camoaso and Marotti (196*2) performed compression tests on cubes 
of bone and oartilage together and on bone alone. From their rather confusing 
paper their oonolusions seem to be that the rate of deformation S deoreaaes 
f o r inoreased load for the bone and oartilage combination, but that S 
inoreases with inoreased load for the bone alone. 
Elmore et a l (1963) took up the investigations of Hirsoh. They 
used a low f r i c t i o n apparatus for studying the compression and reoovery. 
They validated the findings of Hirsoh, but made the very important discovery 
that the reoovery i s only complete when the speoimen is immersed i n a f l u i d . 
- 10 -
This thay termed the "Imperfect Elasticity" of oartilage. They also discovered 
the geometry of the Indenter used for the tests had an effect on the 
defleotions recorded. They had not at this stage found a suooessful method 
of measuring the oartilage thickness. 
Linn and Sokoloff (19$>) found the recovery rate Has similar to 
the rate of uptake of water i n cartilage on release of load. Although they — 
state the immediate Binstantaneous" linear deformation is too large to be 
accounted for solely by lateral f l u i d flow i n an axial test, the y 
attribute this to a rubber-like displacement. 
Sokoloff (1966) studied the elastio properties of patella oartilage using a 
oonioal indanter. He states that the oreep of articular oartilage resembles 
the visoo-elastio flow of a polymer, but that i t i s due to the extrusion of 
f l u i d rather than rearrangement of moleoules. A penetrating depth gauge and 
a disseoting microscope were used to determine the oartilage thiokness. He 
studied the continuous long term compression under dead load and the instant-
aneous indentation at various stress levels. His findings from instantaneous 
tests indicated that the hardness of cartilage i s comparable with rubber, 
and after short periods of loading the recovery displayed variable but 
considerable hysteresis. Prom the long term tests he found no ohange, due to 
age, i n the deformation or recovery, but the indentations varied with the 
site on the patella, also the indentations were influenced by the subchondral 
bone when the oartilage was less than 2 am thiok. He quotes an instantaneous 
elastio modulus of 2JO g/mm2 (2.23 MN/m2) and a modulus of 70 g/mm2 (0.69 M10J 2 ) 
after 1 hour of loading for human oartilage, and for bovine oartilage an 
instantaneous modulus of 1,229 g/mm2 (12.0 MN/m2) and a delayed modulus (after 
5 mins) of 59 g/mm2 (0 .58 MH/m2) i n d i s t i l l e d water and 33 g/nna2 (0.32 MN/m2) 
in saline. 
Edwards (1967) appears to be the f i r s t to perform confined tests. 
His apparatus was a porous piston and cylinder type with the speoimen being 
a oiroular disc enolosed on a l l sides. Flow of li q u i d out of the specimen 
when loaded was possible through the porous piston. He presented graphs of 
equilibrium thiokness against pressure, and percentage l i q u i d exchange 
against time* The time to reach equilibrium was the same for a l l speoimena 
(6*6 mm diameter and 0*48 mm thick) and the water oontent of the specimens 
remained constant after equilibrium. The recovery ourves were similar i n 
shape to the compression ourves. A l l of Edwards* results were based on the 
f l u i d flow i n and out of the specimen, whioh was determined by weighing the 
specimen at intervals during the test. Therefore, none of the dramatio 
instantaneous response recorded by other workers was evident, as this i s not 
attributed to f l u i d flow, but to the elastic response of the specimen, and 
naturally this response i s also greatest when the specimen i s unoonfined* 
Edwards conflicted that at equilibrium the applied load i s carried partly by 
elastio stresses i n the fibrous network and partly by osmotic forces 
generated mainly in the ground substances. 
Kempson et a l (1970, 1971, 1971 a) used indentation tests to give 
them the relationships between compressive stiffness and various chemical 
constituents of human femoral head cartilage* These tests enabled them also 
to produce maps of oartilage stiffness areas which show a considerable range 
over the femoral head* They calculated a value of Foissons* Ratio for 
oartilage of 0oi»B and quote values of the 2 second creep modulus i n the 
range 4-10 M/m2D 
Linn (1967) designed an Arthrotripsometer to study the f r i c t i o n 
and deflections i n ^ t*^ "° ankles* from the deflections reoorded he had to 
subtract the r i g deflection, which as w i l l be seen i n seotion (5*2) was also 
done i n the experimental work of this thesis. For static loading Linn observed 
the normal i n i t i a l and creep deformations which he olaimed continued at a 
decreasing rate for up to 24 hours. However with oscillations i n loading 
the deformation beoame constant at a steady value within 5 -6 mins, showing 
some recovery i s taking plaoe between cyoles* He noted reoovery was also 
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speeded up i f oscillation was allowed after load removals 
Simon (1971) studied the differences i n intrinsio elasticity 
demonstrated by variations i n indentations produced on similarly thick specimens 
for the same stresses. The differences between species corresponded roughly to 
the variation i n water oontent of these speoies. He found the instantaneous 
reoovery on removal of load to be always less than the instantaneous compression 
on application of load* Most of the deformation on indentation was observed 
to oocur i n the upper 50$ of the specimen, which was discovered by suooessive 
removal of layers* He also performed oscillatory tests at a frequency of lHa 
and found the f i n a l deformation was less than with constant loading* a similar 
finding to that of Linn ( 1967) . Frequency of loading was investigated, and 
as loading periods were inoreased so did the f i n a l deformations, u n t i l for 
periods of loading of 60 seconds or more the f i n a l deformations were the same 
as for static loading* 
Ratlin et a l (1970) investigated the dynamio foroe transmitting 
properties of subchondral bone and articular oartilage from the metatarso-
and metacarpophalangeal joints of oows* The tests were between porous plates, 
but not confined} however they state that the dimensions of the specimens were 
such as to count the effect of barrelling as negligible* The compliance of 
oartilage deoreased with inoreased strain rate and the transmitted peak foroe 
Increased as impact load rate increased* The values of elastic modulus for 
oartilage quoted inoreaae from 5 - 1 0 MN/m^  a t zero strain to around 50 MN/m2 
between 15 and 25$ strain depending on the surrounding l i q u i d and strain rate* 
They concluded that synovial f l u i d i n a joi n t has no significant foroe 
attenuating qualities, but cancellous bone i s equal or better than articular 
oartilage i n i t s attenuation of dynamio peak forces, although i t i s about ten 
times s t i f f e r beoause there i s physioally muoh more bone than there i s oartilage* 
I n another paper on the subject, however, Radin and Paul (1970) state 
that only bone and the periarticular soft tissue of the joint have force 
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attenuating properties and that articular oartilage l i k e synovial f l u i d 
plays no part i n this attenuation. These findings were from work on intaot 
joints by suooessively removing eaoh of the components under investigation. 
MaroBdas (1973) summarises the response of artioular oartilage to 
starlo (long-term) loading and to cyclic loading. She maintains the same view-
point as Linn (l967) that at eaoh load application i n the oyolio oases some 
f l u i d w i l l be lost which i s not f u l l y imbibed i n the unloaded >»aif of the 
cycle, a prooess which continues u n t i l steady state i s reached when the 
cyolio load imposes an elastioally recoverable 'instantaneous* deformation on 
the steady state deformation. This viewpoint is not shared by Yannas (1970) 
who maintains that f l u i d transfer i n loading and unloading of oartilage i s a 
linear relaxation prooess, and at normal walking frequencies no residual 
permanent deformation ooeurs, the recovery curve being an exact inverted 
image of the creep ourve.Tannas draws olose correlation to the work of 
Bdwards (l9&7) and claims good agreement with the work of Linn and Sokoloff 
(1965). 
Freeman et al (l975) studied the stress-lowering funotion of 
artioular oartilage. The work was similar to that of Radin et a l (l970) but 
Freeman et al used intaot joints. They studied the response to cyolio loading 
of the intaot j o i n t , the oartilage alone, and the bone alonep after removal 
of the oartilagee Their findings showed that for healthy joints even up to 
2000 cycles there was no recorded permanent deformation, but after removal of 
the oartilage the same loads caused fractures i n the bone and permanent 
deformation. Therefore oartilage prevents the maximum stresses exceeding the 
fatigue fracture level. 
The findings of other workers that for short loading periods flow 
processes do not play a dominant role i n the deformation of artioular oartilage 
were again upheld by Hayes and Mookros (l 971) • They performed uniaxial 
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(confined) compression tests and torsion tests from which they obtained values 
of bulk modulus, elastio modulus and Poissons' Ratio. The oartilage deformed 
similarly i n the I n i t i a l stages with or without a free draining boundary, 
leaving them to conclude that f l u i d flow was negligible at this stage. They 
quote values of Young's Modulus as 1.2 x 10^N/m2 for Bhort term responses 
and 7.1 x 10%/m2 for long term responses. 
-2.4 -The-Lubrloation_of-Synovial Joints 
The desirability of low f r i c t i o n i n human joints i s now widely 
accepted but the methods by which this is aohieved are s t i l l i n question. 
Many workers feel that not only would an effeotive lubricating f i l m reduce 
f r i c t i o n , but also minimise wear and surfaoe damage of the j o i n t . There have 
been several proposed mechanisms, hydro dynamic, boundary, weeping, elasto-
hydrodynamio and various combinations of these. 
Originally hydrodynamio lubrication was favoured, MaoConaill (1932), 
but Charnley (1959) disputed this, putting forward arguments i n favour of 
boundary lubrication. However he questioned the origin of the f l u i d f i l m 
between the articular surfaoesj did i t originate from the free cavity of the 
joint or from the deeper layers of the cartilage; 
Around the same time MoCutchen (1959) f i r s t posed his idea of a 
'weeping bearing' and followed this (1966, 1967) with the idea of a possible 
'osmotio lubrication'. 'Weeping lubrication' implied a special form of self 
aoting hydrostatio bearing composed of a soft, elastic, porous layer of 
articular oartilage, lining a more r i g i d impervious backing. The important 
features of the layer were that the modulus of e l a s t i c i t y was low and that the 
pores were closed distally from the articulation by the impervious bone 
substrate. The effects of this combination, according to MoCutohen, were to 
allow the elastio matrix to deform while the applied load was carried by the 
inoompressible f l u i d within the matrix. Thus f l u i d f i l m lubrication could be 
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affected by allowing f l u i d to 'weep' from the oartilage matrix. The 'osmotio' 
of 
explanation to the boundary lubrication involves the constituents within the 
synovial f l u i d . The large molecules within the f l u i d are l a i d down on the 
oartilage surface, forming a carpet-like gel. As the f l u i d i s pressurised 
under load the watery base f l u i d disperses and the volume of the gel deoreases, 
hence increasing the osmotio pressure, and the gel-volume-tries to expand. 
McCutchen says this osmotic pressure would help to take the load. 
Tanner (l966) introduced another possible lubrication regime, 
elastohydrodynamio (e.h.1.). He suggests that e.h.l. i s the principal load 
oarrying mechanism, but i n the small areas of cartilage contact, which produce 
the f r i c t i o n , there must be boundary lubrication. This boundary lubrication, 
he states, would be provided by the long-chain hyaluronic add molecules i n 
the synovial f l u i d . 
Fein (1967) proposed that synovial joints were probably squeeze f i l m 
lubrioated, with the f i l m being replenished by bydrodynamio action when sliding 
or r o l l i n g occured. Dowson (1967) i n summarising the previous thoughts on 
lubrioation problems, concluded that classical hydrodynamio analysis was 
inadequate but e.h.l. films may be formed during normal movement. Squeeze 
f i l m aotion might preserve the lubrioant after motion stops at the end of eaoh 
walking cyole, but he f e l t that the e.h.l. films would be unlikely to persist 
under severe conditions of l i t t l e or no sliding. Therefore the synovial f l u i d 
must aot as a boundary lubrioant to encourage low starting f r i c t i o n . The major 
lubrication mechanism then seemed to be a combination of e.h.l., squeeze f i l m 
and boundary, depending on the circumstances at the particular time. 
talker et al (1968) and Dowson et al (1970) proposed yet another possible 
meonanism, that of 'boosted* lubrication. They came to this conclusion after 
a study of the geometry of the surfaces involved. They found the cartilage 
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surface to be rough compared to most engineering surfaoes, and considering 
the size of the moleoules in synovial Jluid and possible f i l m thicknesses, 
these moleoules must play an important role i n lubrication. Using the earlier 
work of Maroudas et al (1968) they postulated that under pressure, a gel of 
concentrated synovial f l u i d formed as the hyaluronic acid molecules were too 
large to pass into the. cartilage along with the base f l u i d . This gel became 
trapped i n pools between the asperities. 'Boosted' lubrioation was therefore 
based on the formation and entrapment of these pools of conoentrated (and 
therefore more viscous) synovial f l u i d . 
Higginson and Norman (1974) i n a theoretical and experimental study of 
possible lubrioation mechanisms, concluded that the permeability of cartilage 
was too low to be a significant factor i n lubricating joints exoept perhaps 
under conditions of extremely thin films when boundary lubrication regimes w i l l 
be dominant. This work suggested that lubrioation regimes involving short term 
flow into or out of the cartilage would be ineffective during normal movement. 
Such mechanisms are 'weeping' lubrication and 'boosted' lubrication, which was 
analogous to the f i r s t enrichment mechanism investigated by Higginson and Norman. 
The second enrichment mechanism ( f i l t r a t i o n ) and entrapment process seemed to 
be most l i k e l y . These are not exclusive systems, entrapment being an e.h.l. 
phenomenon during thick films and f i l t r a t i o n taking over as the f i l m oloses. 
Finally they conclude "that the mere presence of the soft impermeable layer 
has a greater effect than do either of the complicated meohanisms of 'weeping' 
or enrichment". 
These la t t e r findings of Higginson and Norman were based on simulated 
oartilage materials*, however the work reported i n chapter 5 °f this thesis, 
both experimental and computed, supports their findings. Fluid flow into or 
out of the oartilage is shown to be insignificant under oyclio loading having 
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a frequency similar to that encoujbered i n walking. So i t seems unlikely that 
this mechanism has a significant role i n the lubrication mechanism of human 
joints. 
More recently Manssur and Mow (1976, 1976a) have published their 
findings on the lubrication mechanism present i n synovial joints. These findings 
are based on_a three-layer computer model-of articular oartilage. They 
modelled both healthy and degenerate cartilage and produced the flow fields i n 
eaoh under load. The calculated flow f i e l d for healthy cartilage ( i . e . that 
with an intaot surface of low permeability) shows that the tissue creates a 
naturally lubricated surface. The i n t e r s t i t i a l f l u i d i s exuded in front of 
and near the leading half of the moving surface load, and imbibed behind or 
near the t r a i l i n g half of the load. However i n degenerate cartilage ( i . e . that 
with a high surfaoe permeability) the flow is out of the loaded region and 
therefore cannot aid the load carriage and formation of a lubricating f i l m . 
They olaim that neither 'weeping*npr 'boosted' lubrication f u l l y describes the 
predicted process of joint lubrioation. 
Their findings however are i n contrast to the findings of Higginson 
and Norman (1974) and those i n this thesis, both of which support the view that 
for the short loading periods i n a normal walking oyole, with the permeability 
of cartilage being so low, flow processes play l i t t l e part i n the short dynamio 
deformations and therefore lubrication of the j o i n t . 
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3 Theory 
3 .1 .0 M«fthfrn<ftal Model of Artioular Cartilage 
An i n i t i a l formulation of a programme to model oartilage was produoed 
and documented by Litohfield 0974). Further development work has sinoe been 
done and a modified programme produoed. 
The model i s designed to reproduce the load/deforination/time 
characteristics of a porous solid. Then by choosing distihot bdluhdary 
conditions and data the model can be used to reproduoe approximately these 
oharaoteristios for articular cartilage. 
The main restriction made on the theory when applying i t to oartilage 
i s that deformation i s WI1BT1«1 and there i s no la t e r a l strain. Some 
jus t i f i c a t i o n for neglecting l a t e r a l strains is found by considering -she 
geometry of a highly conforming joint such as the human hip j o i n t . The 
thiokness of oartilage i n such Joints i s only about 2 .0 mm whereas the load 
i s applied over an area of several om . I n such a case axial strains w i l l 
predominate. Further, the main aim of this investigation is to seoure an 
understanding of the meohanloal behaviour of oartilage, and much of the 
experimental information available has been obtained under conditions of 
axial symmetry, sometimes with zero radial strain. 
The deformation of artioular oartilage oan be separated conceptually 
into an 'elastio' component whioh would exist alone i f a l l the f l u i d i n the 
matrix were unable to move, and a ' f l u i d ' component arising from the flow of 
f l u i d into and out of the solid matrix. I n evaluating the second, the matrix 
and the f l u i d w i l l be treated as incompressible. 
The oomputer model i s a f l u i d flow model and a l l volume change 
within the speoimen i s brought about by f l u i d flow into and out of the matrix. 
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The basio assumptions for this ares-
1) The deformation is uniaxial 
2) The f l u i d i s incompressible 
3) The solid matrix i s incompressible 
The model therefore deals with only one of the two responses to load of a 
porous solid. Beoause lateral strains are exoluded, the magnitude of any 
•elastic' oomponent of deformation would be restricted to the order of the 
bulk modulus effeet and be very small oompared to deformations oaused by 
f l u i d flow. 
The load/deformation/time model must allow large strains and 
incorporate the resulting changes in the relevant property values. The three 
fundamental considerations that must be satisfied are: -
1) Equilibrium 
2) Continuity of flow 
3) The law governing f l u i d flow i n a porous solid 
The law governing f l u i d flow i n a porous solid, Daroy's Law, 
incorporates a term p, the f l u i d pressure. When relating this law to articular 
oartilage the value of p usad i n the programme is taken as the value of the 
f l u i d pressure relative to the equilibrium osmotic pressure. The osmotic 
pressure arises from the physioo-ohemioal effects of the solutes i n the f l u i d , 
and henoe complicates any assessment of the contribution of the f l u i d pressure 
to load carriage i n oartilage. This oan be obviated by using as the 'base' 
behaviour the experimentally determined statio load/displacement character-
i s t i c s of artioular oartilage, taken as the equilibrium displacements for a 
series of incremental loads. This then inherently builds into the programme 
the effect of osmotic pressure and any calculated value of p oan be considered 
relative to t h i s . 
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3 . 1 . 1 Continuity 
W •dwdz 
u • dudr 
71 dr / 
u ' 
DIAGRAM 1 
/ 
/ 
w 
Consider the element i n diagram(l) with cylindrical coordinates dr,&Q,Sz 
The continuity equation gives:-
flow i n - flow out -i- rate of volume change 
I f U i s the flowrate i n the radial direction, w is the flowrate i n the axial 
direction, and because of axial symmetry remains constant, and Sr also 
remains constant as only uniaxial strains are considered, then the continuity 
equation becomes:-
u(rcf&$z) • w(r*£r )6Q Sr = (u*pjyd> )(r+Sr)JGSz 
T dr 
• (w* <$w cfz)( r* )<f0rfr 
where V e is the volume (r*tfr)J0dY cfz = C^cfz 
( 1 ) 
where CQ is a constant and with 69 and being constant 
olt 
Now 
and 
where d t ^ is the I n i t i a l value of dz and £ z i s the axial 
'engineering' strain. With the convention taken such that compression is 
positive 
Therefore V p S - C ^ d a ^ ^ 
V e = - ( r ^ ) d r d * d z ^ 
Substituting equation ( 2 ) into equation ( 1 ) , cancelling equal and very small 
terms leaves the continuity equation i n the forms-
_u_ + du + a*/ _ kz_ a 0 
r dr ^fz ° ' 
3 . 1 . 2 Fluid Flog 
The modern extension of Darcy's Law w i l l be used to relate the 
flow rates to the pressure gradients. Although flow i s assumed axially 
symmetric, radial and axial permeabilities could be expeoted to d i f f e r . 
Daroy's Law gives ^ K dp 
w r - Kg dp 
2 d z ~ 
K f and K z are radial and axial permeabilities *| i s the dynamio 
visoosity 
du _ - Kr_ cfp - J _ d d p . 
3 T 1 S r 2 7 d r dr 
d w = - _Kz d?P - 1 dKz dp 
dz 1 d ? " 1 dz dz 
Substituting these into the oontinuity equation gives 
J k d £ , KrA + a ^ l E . • d j ^ dp + = Q u ) 
r dr d r 2 dr dr d z 2 dz dz 1 
where p is the value of f l u i d pressure, relative to the equilibrium 
osmotio pressure. 
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3*1*3 Equilibrium and the load parrying mechanism 
In order to use the value of p calculated from equation 4 
consideration must be paid to the roles played by the f l u i d and the solid 
matrix i n supporting the applied load. 
I t can be assumed that at any time and i n any layer of the porous 
solid the applied load w i l l be supported by the sum of these two components. 
F Q= F s ,F f (5 ) 
F Q B applied foroe 
F s 9 component carried by the solid matrix 
Ff a component carried by the f l u i d i n the form of hydrostatio pressure 
Bquation 5 can be rewritten as 
= ffs<SA • p<$A J 
where 6$ i s the load per unit area carried by the solid matrix 
6Q i s the applied load per unit area 
Litc h f i e l d 0974) considered the f l u i d pressure to aot solely on an area c$A' 
the area of the f l u i d i s a given layer. This is now believed to be an erroneous 
assumption as, although the area of f l u i d i s less than the to t a l area by the 
faotor of porosity, JA' = n JA where n is the porosity* the effeot 
of hydrostatic pressure w i l l be transmitted throughout the whole solid as 
hydrostatic stress 
Bquation 6 could be rewritten as 
s , 6A =<3c fA • p(1-n)cfA • pnc^A , v a s <- ( 7 ) 
where the terms (c% & A • p (1 - n )cTA ) are i n faot the total load 
oarriage capability of the solid matrix and pnjA is the load carriage 
capability of the f l u i d i n the layer. 
The value of p therefore in equation 4 incorporates the last two 
terms of equation 7. 
Bquation 6 can be used to work out the equilibrium strain, by 
knowing the value of &s at this point 
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<TS = f i ( e z ) 
This function oan be oaloulated from the variation of &. with whan 
a z 
p i s aero, as at t h i s point equation 6 becomes 6" - 6~ 
a s 
When p i s zero the f l u i d pressure throughout the porous material i s sero and 
henoe there i s no f l u i d flow. Zero i n t h i s oase re f e r r i n g to aero gauge 
pressure, the external f l u i d pressure. It there i s no flow, there i s no 
increase i n £ 2 and the material has reached equilibrium. 
From experimental work the equilibrium 6^— £ z c h a r a c t e r i s t i c s 
have been obtained, and although non l i n e a r they are reversible and repeatable. 
A good empirical f i t to these c h a r a c t e r i s t i c s i s 
<fc = <% = a e z (8) 
1 - b ^ 
where a and b are constants and € z the compressive s t r a i n . When loads 
are applied producing s t r a i n s very close to the i n i t i a l porosity of the 
material the pores at the surface dose, allowing no flow, and any increase 
of load af t e r t h i s point i s compressing s o l i d only. This oan be seen from 
the as^ymptotio nature of the — £ z ourves at st r a i n s near the value of 
porosity* 
I n equation 8, a can be regarded as the sta t i o or slow s t r a i n 
modulus at small s t r a i n s and b the non-linear effect at large strains» 
3.1.4 Permeability and Porosity Variation 
A f i n a l consideration to be taken into aooount i n the formulation 
of the oomputer model i s the way both permeability and porosity vary i n a 
porous s o l i d , as that s o l i d i s strained 
i«e. n = f«, ( C z ) 
K r = hi e z ) 
K 2 = f c ( e z ) 
Prom L i t o h f i e l d ( 197^ i t i s shown that 
(9) 
2 " 
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where n i s the porosity at a given s t r a i n & 2 
and v i s the unstrained porosity of the porous s o l i d 
L i t c h f i e l d (l97<+) also investigated the functions fn% , 
as there was no documentation of the e f f e c t of s t r a i n on permeability. This 
was done with a polymerio f i l t e r material of porosity 0.4 and the r e s u l t s 
showed that 
K r OC ( v - C z ) 5 
1 - e 2 do) 
K 2 oC ( v - € z ) 
(11) 
Bquations 9, 10, 11 are used i n the computer model 
3.2 A x i a l Flow 
3»2«1 Tneorv related to the special oaf" ft^ial flow only 
Already assumed through a x i a l symmetry i s the fac t that = ^ 
now i n the a x i a l flow ease variations of pressure and permeability i n the 
r a d i a l direction are sero 4— = 0 
dr 
Flow oannot take plaoe r a d i a l l y ^ nor oan s t r a i n s vary r a d i a l l y , and the 
effeot of an applied load i s to produoe only a x i a l flow and a x i a l s t r a i n s * 
The problem i s therefore reduoed to one dimension. 
Bquation if beoomes 
K z i k * dMp • n 6z = o 
d 5 dz dz 1 - 4 (12) 
The permeability variation with s t r a i n i n equation 11 was shown by 
L i t o h f i e l d (l974) to be reasonably approximated by 
) 3 
T ~ (13) 
K Z= K 0 ( v - e z r 
Again the assumption leading to equation 5 and the experimentally determined 
g ^ — £ z r e l a t i o n s h i p of equation 8 must be used* 
I n future^ when considering a x i a l flow only, a l l z suffixes oan be dropped. 
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3.2.2 Dimensional Analysis for A x i a l flow 
Calculations and presentation are made more compaot by the use 
of dimensionless groups. 
The r e l a t i o n between displacement and time f o r a given mode of 
loading i s obtained from the solution to equations 6, 8, 12, 13 for the 
a x i a l flow oase. 
The -independent variables i n a study of a r t i c u l a r oartilage behaviour 
or any porous s o l i d are:-
defleotion Dimensions L 
2 0 i n i t i a l thickness L 
applied s t r e s s M 
i time T 
V i n i t i a l porosity — 
I 
i n i t i a l permeability 
v i s c o s i t y 
L 2 
M 
LT 
a 
b 
oonstant ) 
)from equation 8 
oonstant ) 
M 
L T 2 
Using these variables the system oould be desoribed by 6 dimensionless 
groups* however on studying the governing equations* i t can be seen that K 0 
and 1 appear only as a r a t i o * so one variable oan be omitted and henoe 
c f = t , v , Q , b ) 
This oompaots the system to 5 dimensionless groups. 
Using the Buckingham Pi Theorem these groups appear aat-
, _ § L . ^ Q , l , b . V 
henoe 
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The f l u i d pressure p, which oannot be counted as an independent 
variable i n the problem, can however be represented i n a dimensionless 
manner, by making i t an extra group i n the form of 
a 
Equation 12 must now be represented i n terms of these groups 
(N.B. dropping s u f f i x z ) 
Write K = Kp(v-6) 3 as K„ <j) (€) (14) 
v 3 
On substituting for K and dividing by K 0 throughout equation 12 becomes 
<f>U\A • cftjXO. dp • n . TT = 0 
a ? dz dz X i-e (15) 
Writing 
T = Kpa t , P = jp_ , Z = z_ 
on substituting for t , equation 15 beoomes*-
(j6(e)d^p_ • dj>(e) d p • J ^ o K a i L =0 
d z 2 dz dz KQ ^Z#1 -e 
substituting for p 
(/)(£)ad.2P* ^^(g ) a d P • a 4f - o 
d ? dz dz 3? 1 - e 
substituting for z 
0 ( e ) a d 2 p • d^)(e) q d P * a Z T =o 
z / 3 5 2 " J F z g ^ z ^ 1 - e 
The f i n a l di&ensiona representation of equation 12 i s 
(f>(e)dP • d (j>(e)dP • 5 T =0 06) 
"dZ 2 dZ dZ 1-6 
3*2*3 Numerical Method for Computing 
The solution to the governing equations, giving variation of 
deformation with time under speoifio loading i s obtained by a relaxation 
method and f i n i t e difference formulae* 
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A f i n i t e differenoe formulation of equation 16 must be used to 
give an expression for the f l u i d pressures i n terms of l o c a l s t r a i n s and 
permeabilities i n the material* As a l l loading was through f l a t plates i t 
was assumed that s t r a i n s i n any horisontal plane were equal and henoe f l u i d 
pressures i n any one layer could be integrated to t o t a l f l u i d force i n that 
plane* 
I n i t i a l l y at time T = 0 the t o t a l thickness i s divided into equal 
increments of depth ^ Z and hence f i n i t e differenoe representation of 
equation 16 would be r e l a t i v e l y straight forward. Using a technique of equal 
increments of depth, after each i n t e r v a l of time the new t o t a l thiokness 
would need to be redivided into equal increments, which would have no 
relationship to the points within the s o l i d during the previous time i n t e r v a l * 
Therefore i n order to keep to the same sections of s o l i d for each time 
increment, so as to enable comparison of the effects of time on oertain 
oross-seotions of the s o l i d throughout the loading period, f i n i t e differenoo 
equations are required that allow for variations of that are not oonstant 
with time or with distance from the surface. 
The method of obtaining such f i n i t e differenoe equations for 
varying step lengths of AZ follows 
Refer to figure 3*1 a 
An imaginlry point ( P I + | ) i s obtained, whioh i s at an equal 
increment above Pr as Px-t i s below i t . The gradient of the straight l i n e 
joining these points i s then assumed to be the same as the gradient at 
point P1 
AZ 
fe.»-p») AZ t - i 
(17 2 AZ 
S i m i l a r l y 
U z / i 
x - » A Z 7 18 
2 AZ i-1 
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A similar method i s used to obtain \~^y2 U • Bars two imaginary points 
must be u t i l i s e d * See figure 3*1b. 
The f i r s t evaluation of i s obtained from using the ohange i n the 
gradients at points ^ £ )_^ and ( f i ^ ) > a point halfway to 
^ g l w ( M - p r . , - ^ , ^ f e , - p 1 ) 
The seoond evaluation of i s obtained from points (Pt- 'hJ * a 
point halfway to point ( P j . , ) ' » and point P 1 + / ^ 
This gives / o \ „ „ A Z r / \ 
[£s\ - p»».-^ --h£;(p,-0 
As both of these evaluations are only an approximation of the truth, and are 
on either side of i t , an average of both was taken arriving at the f i n a l 
presentations -
uAZVi 2AZ TAZ A_, 
(19) 
Equations 17, 18 and 19 are put into equation 16 to give 
F i n i t e differenoe presentation of P t where x = 1 w i l l not be possible 
as PQ i s non-existent i n the programme* 
Therefore to f i n d ^ a technique i s used which f i t s a polynomial to 
points Fj> and Fg and from t h i s ourve f i t polynomial point oan be 
estimated* This polynomial turns out to be 
Pa = ( A Z ^ A Z J P ^ - A Z, 2P 3 
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3*2*4 Computation 
A flow diagram of the oomputer model I s shown i n figure (3.2). 
The solution to the dimensionless equations giving v a r i a t i o n of deformation 
with time under speoifio loading i s obtained using a relaxation method and 
the f i n i t e difference formulae. 
The programme uses increments of dimensionless time AT and of 
depth A Z - — 
I n i t i a l l y a guess i s made of the s t r a i n i n each element of depth, 
from t h i s values of and then P are oaloulated for each depth. A 
summation of these 'pressures' at any oross-seotion gives the contribution 
of f l u i d pressure to the 'load' at that seotion and henoe by difference from 
the t o t a l applied 'load' the share of 'load' carried by xhe matrix. Once the 
matrix s t r e s s ' i s oaloulated the s t r a i n can be obtained. This s t r a i n i s then 
oompared with the i n i t i a l l y guessed s t r a i n , and i t e r a t i o n continues u n t i l 
convergence i s aohieved for one time i n t e r v a l . The programme w i l l then print 
out the s t r a i n and the dimensionless time. Time i s then increased by AT 
and the prooedure repeated u n t i l no increase i n s t r a i n i s achieved by increasing 
time* at which point the equilibrium has been reaohed. 
3.3 E a d i a l flow 
3.3*1 Theory rel a t e d to the speoial oase of r a d i a l flow only 
Again* already assumed through a x i a l symmetry i s the f a c t that 
~ j ^ - = 0 , now i n the oase of r a d i a l flow only* ohanges of permeability 
and porosity i n the z direction are also aero, = 0 and K r i s 
a function only of time 
Equation 4 beoomes 
J^dp - Krc^p • 7 <4 = 0 
(20) "37 3PT I - ^ 
Integration and oaloulation of constants gives 
P = Qfy ( R 2 T 2 ) 
4 V>-S) (21) 
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To oaloulate the f l u i d foroe at a l e v e l i n the specimen equation 21 i s 
integrated from 0 - R over an area of 2Tfr$r 
J0 U K r (1-
(R 2 - r2)2TTr<5r 
Ff " 7 £ Z TT R A 
8 K ( 1 - 0 _ _ - -
' ^ (22) 
The permeability variation with s t r a i n i n equation 10 was shown by 
L i t c h f i e l d (1974) to be reasonably approximated by 
K r = K, (v - Cg) 5 
Then equation 22 beoomes 
4 5 
F f = 7 e^rr R v 
8 K, ( v - 6 z ) 5 (24.) 
Here again the assumptions leading to equation 5 and the experimentally 
determined ^ relationship of equation 8 must be used* 
I n future when oomiidering r a d i a l flow the suffixes Z may be dropped. 
The f i n a l representation of equation 5 i n the r a d i a l flow oase becomes:-
" BK.d-e,) ( 2 5 ) 
3.3.2 Dimensional Analysis for Radial Plow 
Again dimensional analysis was used to r a t i o n a l i s e the computation 
of the r a d i a l flow oase. 
The relationship between e and time for a given mode of loading 
i s obtained from the solutions to equations 5, 8, 20, 23* which are combined 
i n equation 23* 
Beoause the specimen i s uniform through the thickness, 2 = P 
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i a uniform through the thickness also, and £ varies only with time. 
The independent variables beoome 
S i 
s t r a i n Dimensions 
applied stress L r 
t time T 
R Radius L 
_K, I n i t i a l permeability _ L 2 
a 
b 
oonstant ) 
) from equation 8 
oonstant ) 
M 
L T 2 
V i n i t i a l porosity — 
1 v i s o o s i t y 
M 
LT 
Again, K, & f£ as with KQ &<| i a the a x i a l flow oase, oan be combined 
as a r a t i o sinoe they only appear together and henoe:-
e = ( f r a • 1 < R - a - jf> b> v ) 
Using the Buckingham P» theorem again, the 5 dimensionless groups appear as 
Equation 23 oust now be rewritten i n terms of these groups 
F i r s t l y write 
K r = K ( v - e ) 5 Q S K r = K , ^ ( e ) ( z 6 ) 
Substituting for Kp and dividing by T I R ^ a equation 23 becomes 
6b . € • 0 e R 
Q 1-be 8aK, "l)f(e)O-e) 
Writing T * - K, at 5" = f a and J T* = K.adt 
Substituting ^ equation becomes 
^ H>e 8 a K , y < € ) C i - € ) 
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Substituting for 
£ , — € _ , 1 i t 
^ 1-b€ 8l j / ' (£)(1-e) d r 
Rearranging gives 
(27) 
Bquation 27 i s the f i n a l dlaensionless form of equation 25 required for the 
oomputation. 
3*3*3 Computation - Radial Flog 
A Flow diagram of the computer model i s shown i n figure (3*3). 
The solution to equation 27 throughout the time of loading i s 
brought about by an i t e r a t i v e method. 
I n i t i a l l y a guess i s made at the s t r a i n rate i n the present increment 
of Y*. Using t h i s value of ~^St a value for £ i s calculated and used i n 
equation 27* This then produoes another value of - j ^ whioh i s compared 
with the i n i t i a l one. The i t e r a t i o n continues u n t i l the guessed and calculated 
values are equal. At whioh time the £ i s written out. The time i s then 
inoreased by^T*» a new guessed s t r a i n i s chosen and the it e r a t i o n s begin 
again for the new Increment of T . 
I f required the programme oan be halted when the f i n a l s t r a i n i s 
reached or the programme w i l l continue at t h i s time to remove the loading on 
the speoimen and oaloulate values of s t r a i n I n the recovery phase* 
3*4 Determination of ov e r a l l permeability from the distr i b u t i o n of permeability 
through the depth 
The computer model as explained i n the e a r l i e r seotions of t h i s 
chapter requires an o v e r a l l value for permeability of the s l i c e of cart i l a g e 
being considered* This assumes that i n i t i a l l y every point throughout the 
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depth of the s l i c e has the same permeability, and then, as time of loading 
increases this value i s modified by the term (^~^~~) (Equation 13). I t i s 
possible i n the computation to vary the parameters making up the dimensionless 
groups and so define their effeot on the strain/time c h a r a c t e r i s t i c s . 
However Maroudas (1973a) presented graphs showing that throughout the depth of 
the cartilage the permeability was not constant. I t was deoided therefore to 
build into the programme, not only the f a c i l i t y for changing the overall 
permeability of a s l i c e , but a distribution of permeability through the s l i c e * 
As Maroudas h e r s e l f said "There does not seem to be a correlation with age, 
either i n magnitude of the permeability coefficient or i n the shape of the 
permeability versus depth curve". 
The following analysis was devised to obtain a value for the o v e r a l l 
permeability of a s l i o e i f the permeability at discrete points within i t are 
known* 
Assume therefore a s l i c e of c a r t i l a g e as i n diagram (A), below, 
divided into n sections. The overall pressure drop, thickness and permeability 
are given by P0 , Z Q and Kg • For eaoh of the s l i c e s these properties 
are given by p (_ n , z,_ n , k,_ n 
D I A G R A M A 
P. z, kf 
P« k t 
Now Daroy' s Law states 
W = ".KdP 
or Total pressure drop, x Volume Flow x Total Thickness 
w Z c 
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This lair oan be applied to each section giving 
R = -4 wz, 
k, 
Sinoe 
p = Pi * R L * Pn = P D 
- owz, 4 - ? w Z c 
Since the flow through each s l i o e oust be the same, with no r a d i a l flow, 
and t h i s must equal the t o t a l flow out, therefore:-
k, 
• 1 
I f you now oonsider a l l sections to be of equal thickness t h i s gives 
L k, is. 
Sinoe Z Q = nz , 
This i s e a s i l y expressed as 
= Zo 
(28) 
and gives a method for calculating the overall permeability of a sl i o e from 
a known dist r i b u t i o n of permeability throughout the s l i o e * 
3*5 The E l a s t i c Modulus Calculated from Confined T«ats 
Considering now an i d e a l Hookean s o l i d i n the eoaafined situation 
with s t r a i n s r e s t r i c t e d to the a x i a l , Z , direction only, the e l a s t i c modulus 
E = -3t i s not simply either the Young's Modulus, E , or the Bulk 
€ z 
Modulus,K , of the material. The following a n a l y s i s of the sit u a t i o n produces 
a term for t h i s modulus i n terms of the Bulk Modulus and Fbissons* Ratio of 
the material. 
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For the confined t e s t , £ r = 0 and £e = 0 
However when applying 6 2 , 6 r and 6$ are not zero. 
From Hooke's Law 
EGz = 6 z - 0 ( e e - e r r ) (29) 
E G r = S r - ^ - ^ ) (30) 
Substituting and rearranging gives 
^ (1-2tf) U 2 € 2 / (32) 
Substituting again for 6r and 6p produces 
£ * _ - E ( 1 - o ) 
" £z (1-2tf)(1*v) (33) 
Since 
K = E 
3 0 - 2 - 0 ) 
E * = 3K 
(1* i> ) (34) 
T h i s shows that for the conditions of a confined t e s t the modulus,E 
oaloulated from the o s o i l l a t i n g load experiments, i s s -
Magnitude of a x i a l stress 
Magnitude of a x i a l s t r a i n 
From equation 34 i t can be seen that as 
V» —>\ > E * * ° ° 
and i n general, for "0 <i ~ 
E * > K 
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4. The Experiments and Design of the Teat Big 
4.1 Proposed Tests 
The aim of t h i s work as l a i d out i n the introduction has been to 
investigate the load/diaplaoement/time behaviour of a r t i c u l a r oartilage under 
compressive stresses auoh as are present i n the lower limbs. 
As shown i n the l i t e r a t u r e other workers have done compression teats 
on a r t i o u l a r oartilage and published r e s u l t s . Host of t h e i r t e s t s are of the 
indentation type, which are eaay to perform but l e s s eaay to interpret. 
Other teata have been mainly of the conventional unoonfined compression typo; 
very few of the oonfined compression type have been reported. See figure 4.1 . 
Indentation t e s t s are useful i n providing comparative studies of 
var i a t i o n of properties across an intact bone end. They are usually performed 
by applying load through a blunt ended indenter a t right angles to the 
oartilage surface, Removal of the oartilage from the bone i s not required 
and therefore no errors a r i s e from damage to the oartilage on removal. These 
t e s t s are probably the l e a s t r e a l i s t i o i n r e l a t i o n to the actual loading of 
a j o i n t . 
The unoonfined teats as oarried out by several workers i n the f i e l d 
are not as simple to perform, but the r e s u l t s obtained are r e l a t i v e l y easy to 
interpret. Load i s applied to the specimen through impervious pads above and 
below the specimen. These t e s t s have the disadvantage of requiring a speoimen 
to be removed from the bone end before testing. This naturally introduces 
the p o s s i b i l i t y of errors a r i s i n g from damage to the oartilage around the out 
surface, and moreso i f the oartilage i s also removed from i t s underlying bone 
for testing. 
For a oonfined compression teat a l s o a speoimen must be removed 
from the j o i n t , and i t l a tested either on the bone, or as a small diso of 
oartilage alone. The t e s t i a performed i n a cylinder and piston arrangement, 
with the cylinder walla and base impervious and the piston made of a r i g i d 
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porous material. This arrangement applies load a x i a l l y to the specimen and 
allows a x i a l s t r a i n and flow. Radial s t r a i n s and flow are prevented. 
I n indentation and unoonfined compression t e s t s a l l recorded r e s u l t s 
show an 'instantaneous' defleotion on the application of load, followed by a 
creep component, with a sim i l a r sequenoe being followed on removal of load. 
The work by Elmore et a l (1963) has shown that given time and an appropriate 
surrounding f l u i d a r t i c u l a r oartilage w i l l reoover from compressive s t r a i n s 
of up-to 5Q?£ or more. -
The action of oartilage under load oan be divided conceptually into 
two parts, being ea an 'e l a s t i o ' response whioh would e x i s t alone i f the f l u i d 
i n the matrix were unable to move and a ' f l u i d ' response a r i s i n g from f l u i d 
flow i n the matrix. The magnitude of the ' e l a s t i o ' response w i l l be dependent 
on the constraints on the specimen, especially i n a material with a much higher 
volumetric s t i f f n e s s than sheer s t i f f n e s s . Higginson et a l (1976). 
I n unoonfined and indentation t e s t s the ' e l a s t i c ' oomponent of 
deformation w i l l be substantial as there are few constraints on the specimens. 
T h i s probably acoounts for the major part of the instantaneous deflections 
recorded. 
I n an act u a l j o i n t , however, where cartilage i s i n the region of 
2 mm thick and the load i s distributed over a contact area of several square 
oentimetres, the s t r a i n s w i l l be predominantly i n the direotion of loading. 
I n t h i s oase the ' e l a s t i c ' component w i l l be r e s t r i c t e d to the order of the 
bulk modulus e f f e c t . 
For t h i s reason i t was decided that the majority of t e s t s to be 
performed should be of the confined nature, as described e a r l i e r , as t h i s most 
c l o s e l y p a r a l l e l s the conditions of oartilage i n a load-bearing j o i n t . 
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if. 2 Modes of Testing and requirements from the Rig 
The work aimed at investigating the creep response of a r t i c u l a r 
cartilage to applied loads indicating f l u i d flow i n an a x i a l direction. These 
oould be termed as s t a t i c t e s t s or long term t e s t s . 
Investigation was also required into the dynamic response or short 
term response of cartilage to applied loads. To do t h i s i t i s convenient to 
apply a sinusoidal load and study the periodio response of the c a r t i l a g e . The 
load and response can be monitored to give hysteresis loopB, from which d e t a i l s 
of moduli and phase angles can be taken. However any applied sinusoidal load 
w i l l have a mean value over a cyole and t h i s w i l l act as a s t a t i c component of 
load with the sinusoidal oomponent superimposed upon i t . The response w i l l 
therefore be that of a t y p i c a l oreep t e s t with an applied load of the magnitude 
of t h i s mean value with a rippling response due to the sinusoidal load. 
Therefore the two major requirements of the r i g were to enable both 
s t a t i c loading and dynamic loading of the specimens. 
The r i g had to include f a c i l i t y for confining the specimen, preferably 
with as l i t t l e f r i c t i o n on the c y l i n d r i c a l surfaoe as possible. The loads 
applied to the speoimen must be a x i a l , and there must be f a o i l i t y for reoording 
them. The deformation of the oartilage must be monitored against time. For 
t e s t s involving the recovery of oartilage from a state of loading the c a r t i l a g e 
must have an ample supply of f l u i d . 
The requirements of the t e s t r i g were therefore:~ 
a) To hold the speoimen i n a low-friction confined manner, allowing l i q u i d 
exchange through one end surfaoe only. 
b) To keep an ample supply of immersion f l u i d available to the oartilage 
o) To apply a x i a l load to the oartilage 
d) To have f a o i l i t y for making t h i s load either s t a t i o or sinusoidal 
e) To have f a o i l i t y for reoording t h i s load. 
f ) To have f a c i l i t y for recording the displacements of the oartilage 
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4.3 Design of the Rig 
4.3.1 Speolman holder 
The speoimen was of oylindrioiil form with p a r a l l e l ends and therefore 
the holder was designed as a thick walled brass cylinder with a permanent 
F.T.F.S. l i n i n g . See figure (4.2). 
The specimen was introduced into t h i s tube between the impermeable 
p l a i n end of the plunger and a fine sintered bronse diso, with the bone end* or 
out surfaoe of the c a r t i l a g e , against the impermeable plunger. This then as 
olosely as possible allowed no flow r a d i a l l y or upwards, and only flow downwards 
through the sintered bronse diao from the 'free* surface of the oartilage. 
This bronse d i s c had a reasonably smooth surfaoe i n contact with the oartilage 
to avoid extrusion of oartilage under load into the passages of the disc, but 
had much greater permeability(about 108 times bigger)than the ca r t i l a g e and 
henoe did not i n h i b i t f l u i d flow out of or into the oartilage. 
This diso rested on a spigot i n the centre of the s t a i n l e s s s t e e l 
f l u i d retaining dish. The spigot was perforated with small i n t e r l a c e d holes, 
again to allow f l u i d flow. 
The l e v e l of the f l u i d , Mammalian Ringers Solution, i n the dish was 
maintained above the l e v e l of the oartilage i n the inner tube. This was to 
cause a s l i g h t positive pressure gradient, as i n the recovery t e s t s the design 
of the r i g required f l u i d to flow upwards into the cartilage as i t i s swelling. 
The dish was located oentrally on top of the load recording devioe. 
The perforated spigot i n the centre of the base of the dish and perpendicular 
to i t , ensured the faoes of the sintered bronse diso, the oartilage and the 
plunger were p a r a l l e l to the base of the dish. 
The permanent P.T.F.S. l i n i n g to the tube surrounding the speoimen 
oaused considerable problems at f i r s t . The P.T.P.B., being unstable and very 
dependent on external conditions, was d i f f i c u l t to machine to the exact 
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dimensions required. These dimensions were suoh that the specimen O/D 
should be as olose as possible to the V.T.F.E. i/D to eliminate r a d i a l s t r a i n s . 
After a few t e s t s with t h i s l i n i n g the specimen holder was removed from the 
r i g and studied. This showed a permanent deformation of the P.T.F.B. i n the 
region of the specimen. The pressures i n the specimen during t e s t s had so 
deformed a lo o a l area of the l i n i n g as to invalidate the t e s t s as being 
confined. Although.the two ends-to the tube-had-dimensions required for 
confined t e s t s the l/D at the point where the specimen was housed during t e s t s 
had been greatly increased. This problem naturally had to be overoome and i t 
was deoided to remove the permanent P.T.F.B. l i n i n g . 
I t was f e l t , however, that a l i n i n g was necessary to minimise f r i c t i o n 
inside the tube, but anything regarded as permanent «as discounted as constant 
monitoring of i t s i/D would be laborious. A t h i n walled P.T.F.B. sleeve 
readily available on the market and with an i/D very close to that required 
was used i n a l l future t e s t s as the tube l i n i n g surrounding the specimen. I t 
had the disadvantage of requiring a new cutter to be made for obtaining 
specimens of i t s exact i/D, but had the advantage that for each new t e s t i t 
was a simple prooedure to replaoe the sleeving. 
The plunger which can be counted as part of the speoimen holder 
had to ensure that the load was applied a x i a l l y . To do t h i s the lower faoe was 
f l a t and i n oontact with the speoimen and the upper end was hemispherical. 
The load was then applied to t h i s hemispherical surface through a coned member, 
allowing self-centring of the components and a x i a l loading. 
The effectiveness of t h i s system to apply a x i a l loads and reduoe 
f r i o t i o n was tested by inserting f i r s t l y s o l i d s t e e l specimens i n place of the 
carti l a g e and then samples of rubber, both of similar dimensions to the 
cartilage specimens. By applying known loads above the plunger and recording 
load at the base of the dish, the load transmitted through the specimen and 
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the amount of load l o s t due to f r i c t i o n could be measured. 
Over a s e r i e s of t e s t s conducted the average l o s s to f r l o t i o n was 
2$ of the applied load. This i s reasonably small and i n f a c t does not need 
to be accounted for i n the calculations of the r e s u l t s as the load used i n 
these calculations has always been the load recorded by the load c e l l , not 
the applied load. This i s done as i t can be guaranteed that load reoeived 
by the load c e l l i s a c t u a l l y transmitted through the c a r t i l a g e , whereas 
applied load, as shown, aan be l o s t before application to the c a r t i l a g e . 
4*3,2 Load recording 
The r i g where possible was to be designed around already available 
instrumentation or instrumentation e a s i l y made up. This was done both from a 
oost point of view and for speed of manufacture of the test r i g . 
Some analysis was performed on the design of a suitable siaed load 
sensing device, using s t r a i n gtages, and t h i s could have been acceptable. 
However, already available i n the laboratory was a D90/250 Sangamo Controls 
Proof Ring Load Transducer and a Sangamo Direct Reading Transducer Meter 
type C52. Therefore for speed of manufacture of the r i g i t was decided to 
use these as the load reoording devioes. The Load c e l l has a basic accuracy 
of 0.1^ 5 f u l l soale deflection and when used with t h i s meter w i l l give accuracy 
of \% of the seleoted range. Although t h i s meter has a maximum rated load 
of 11121 i t s smallest seleoted range i s 0-44,5N with the aoouraoy of 1$. 
This load transducer was used on i t s lowest two ranges 0-2*4.5N and 
0-111.2N, and proved perfectly sat i s f a c t o r y , both s t a t i c a l l y and dynamically. 
4.3*3 Load Application 
As stated, the load must be applied either s t a t i c a l l y or sinusoidally, 
and i n sinusoidal t e s t s i t should be possible to apply a constant load plus a 
superimposed o s o i l l a t i n g component. 
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The s t a t i c loading caused l i t t l e problem as a yoBkg oould be employed 
to r e s t above the plunger and have weights added at a point beneath the 
specimen. By having the weights centra l l y plaoed and the upper member of the 
yolk ooned at the point of contaot with the domed top of the plunger, the 
system ensured a x i a l loading. The yolk was lowered by hand onto the plunger 
head, using a forked lever arrangement. 
For the sinusoidal loading a more elaborate mechanism was required. 
The e a s i e s t and oheapest way of applying such a load was thought to be an 
eccentric on a rotating shaft, acting upon a soft spring to keep loading about 
oonatant as speoimen s t r a i n s . However a single eooentrioity would not allow 
the applioation of various magnitudes of o s o i l l a t i n g load, and a s o l i d cam 
rotating across the top of a spring would induoe sideways movements i n the 
spring and jeopardise the a x i a l loading. A system was therefore devised to 
a) provide a variety of eooentrioities b) to apply a point load to the 
centre of the spring, t h i s point also being stationary o) to provide guides 
for the spring to avoid sideways morement, and d) to allow a l t e r a t i o n of the 
oonstant load. 
The spring r e s t s on a lightweight c a r r i e r above the plunger. This 
c a r r i e r i s again ooned to allow s e l f centring on the plunger and has a small 
spigot for locating the spring c e n t r a l l y . At the upper end of the spring i s 
another spigotted member looated i n a P.T.FJS. bush allowing v e r t i o a l movement 
only. Above t h i s are a se r i e s of smaller interlocking spacers. These can be 
added to or removed to allow an a l t e r a t i o n of the permanent deflection required 
from the spring, giving the f a c i l i t y of choice of s t a t i c loading for the t e s t . 
The top spaoer has a well defined domed surface, giving only c e n t r a l contaot. 
The v a r i a t i o n i n eooentrioity on the shaft i s obtained by a com-
bination of a b a l l raoe with an eooentric bush and an eccentric on the shaft 
See figure 4.3. The outer raoe remains stationary, i n contaot with the 
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upper domed spacer, therefore avoiding sideways foroes. The eocentrio bush 
and the eccentric on the shaft can be rotated with respect to eaoh other and 
located by a small bolt to give any of 10 e c c e n t r i c i t i e s . 
The central shaft i s rotated by a belt drive from a variable speed 
motor and gear box* 
4*3,4 Displacement Reoording 
The instrument for recording displacement had to be capable not only 
of recording the D.C. Creep deflections, which i t was considered oould be up 
to around 1 mm, but also of detecting and measuring any superimposed o s c i l l a t o r y 
deflection at a l l points during the creep phase. 
I t was decided to use l i n e a r variable d i f f e r e n t i a l transformer 
(L.V.D.T.) type transducers for the purpose of reoording the displacement. 
These are rugged, aoourate and stable devioss for deteoting statio and dynamic 
displacements with i n f i n i t e resolution, and with no wearing parts. The type 
ohosen was R.D.P. Elect r o n i c s Ltd., D5/1OO with a l i n e a r range of ±2.54 mm and 
l i n e a r i t y on calibration of 0.5$. A disadvantage of these i s that the body 
and armature must be mounted separately, and due to the layout of the r i g , 
reoording displacement i n the load l i n e was impossible. 
The i n a b i l i t y to record displacement i n the load l i n e , l e d to the 
use of two transducers positioned symmetrically about the centre l i n e . The 
signals from eaoh of these SA and SB can then be fed to a Sangamo Switoh 
Selector Unit type C35 with outputs of 6A , SB and SC where 6C=&A* SB 
i s therefore the displacement along the centre l i n e of load application. 
The displacement of the specimen should also be the displacement 
between the dish and the top of the plunger. This fact was used i n deciding 
on the mounting positions of the transducers. The body components were 
threaded into a l i p around the dish. The armatures were threaded into the 
spring support plate, in contaot with the plunger head. See figure 4.2. 
Relative motion of the armature and body sections i s the deflection of 
the c a r t i l a g e . 
The output of the transducers i s again suitable to be fed to a 
Sangamo dire c t reading transducer meter type C52/1 
4>4 Instrumentation 
As stated the outputs from the load transduoer and the displacement 
transducers are fed to transducer meters type C52/1. These give d i r e c t 
readings but no permanent record. To obtain a permanent reoord the f i l t e r e d 
output from these meters must be fed to a second recording system. I n i t i a l l y 
a U.V. recorder was used, t h i s appeared to work s a t i s f a c t o r i l y ; however there 
was too great a p o s s i b i l i t y of human error i n interpreting the t r a c e s . The 
U.V. reoord was i n the form of two traces, one monitoring load and one 
monitoring displacement, both the oreep and sinusoidal displacements super-
imposed. Therefore to obtain hysteresis loops for values of modulus these 
had to be transferred by hand to a suitable graph!oal form, introducing 
interpretation errors. 
This method of obtaining a permanent reoord was discontinued and 
superseded by an Advance osoillosoope type OS250 with X - Y f a c i l i t y . This 
was f i t t e d with a Polaroid Land camera for permanent records of the traces. 
The load gave the y-traoe and displacement the x-trace. Some 
d i f f i c u l t y was encountered with the displacement trace as the oreep component 
of the displacement oaused considerable d r i f t of the trace especially at the 
beginning of the t e s t where t h i s @as most prominent. Also there was mains hum 
on both traces. 
This was overcome by f i l t e r i n g the output from the C52/i meters. 
F i l t e r s were made up to remove mains frequencies and above, and also out out 
any D.C. or very low frequency components of the signal, thereby removing the 
oreep component of the displacement signal. Although t h i s D.C. F i l t e r was not 
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required for the load, two matched f i l t e r s were used, one for each signal, to 
obviate any phase change brought about by unmatohed f i l t e r s * 
This system produces very acceptable hysteresis loop photographs 
of load/deflection c h a r a c t e r i s t i c s of the specimen over the required frequency 
range. 
4 . 5 Calibration 
Before any testing a l l the recording and measuring systems were 
calibrated, and again several times over the period of the work. 
The major problem that arose with the recording was with the D 9 0 / 2 5 0 
proof ring load transducer. After several months of e f f i c i e n t recording i t 
developed a serious d r i f t with time to a l l readings. This transducer was 
replaoed with a new D91 /250 , nominally the same. 
The c a l i b r a t i o n of the displacement transducers, and the estimation 
of the i r errors proved very important when taking o s c i l l a t i n g readings. These 
errorB are negligible for the s t a t i c loading cases but not for the o s c i l l a t i n g 
s i g n a l s . A summary of these errors i s i n section 5 . 2 . 
4 * 6 Preparation of the Specimens 
Due to the a v a i l a b i l i t y of suitable test material most of the t e s t s 
have been performed on bovine specimens taken from the d i s t a l end of the femur 
See figure 4 * 4 * The j o i n t was acquired with the synovial sack mtaot from the 
slaughter house. A l l specimens Ibarra from 2 - 3 year old oows. Once opened the 
jo i n t was stripped of t i s s u e and kept submerged i n Ringers solution to avoid 
drying of the oartilage. 
The specimens taken from the medial trochlea (see figure 4 . 5 ) of the 
femur were only removed from the jo i n t as required. The join t was stored 
unfrozen i n a ref r i g e r a t o r for the duration of testing, up to 3 days. This 
method of storage avoided the j o i n t ever being frosen and thawed, and removal 
of specimens immediately prior to test i n g obviated the swelling e f f e c t s of 
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storing individual specimens i n Ringers. 
The trochlea was the chosen section of the j o i n t as t h i s had the 
l a r g e s t ' f l a t * area i n the loaded region. The trochlea was studied with the 
naked eye and specimens taken from the most 'normal1 region for t e s t i n g . This 
was done following the guidelines for determining macrosoopioally normal 
oartilage as l a i d down by Meachim and Stookwell ( l 9 7 3 ) . A simple Indian Ink 
preparation was then used to v e r i f y that the areas chosen did not show overt 
f i b r i l l a t i o n . The trochlea was bathed i n Indian ink and then rinsed. Areas 
of f i b r i l l a t i o n showed up as r e s i d u a l staining of the oartilage. The areas of 
l e a s t or no staining were taken as the most normal and specimens removed from 
these areas. 
The bovine speoimens obtained showed very minimal signs Of f i b r i l l a t i o n 
with the majority of the area required being e n t i r e l y free of v i s i b l e abnormality 
Trephines were used for removing the specimen. Commercially available 
trephines, as used by Johnson ( 1 9 7 4 ) were t r i e d , but did not work s a t i s f a c t o r i l y 
due to the hardness of the underlying bone. Therefore our own trephines were 
made up to the s i s e determined by the P.T.F.E. l i n e r as described i n seotion 3 * 1 * 
Considerable practice was required to achieve specimens with f l a t 
surfaoes of oartilage perpendicular to the cut surfaces, and with a good length 
of subchondral bone intaot. The trephines were plaoed perpendicular to the 
car t i l a g e surfaoe and used to trepan a specimen from the bone end. The outter 
was driven through to a considerable depth and then a sharp sideways movement 
broke the underlying bone. The greatest oare must be taken when trepanning 
through the oartilage so as not to tear the surfaoe. Once the bone i s broken 
the whole specimen can be removed within the trephine. To eject the speoimen, 
the trephine had been f i t t e d with a central plunger. 
At t h i s stage specimens without a f l a t cartilage surface perpendicular 
to the oylindrioal sides of the specimen were rejected. Attempts were made to 
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out off the subchondral bone, p a r a l l e l to the car t i l a g e , with a soalpel, but 
the bone was too hard. Therefore the specimen was put i n a c o l l e t up to a 
bade stop so as to give a consistent length of specimen, and the bone end was 
oarefully machined off i n a watchmakers' lathe* Eadin et a l 0°70) also used 
a lathe when preparing specimens from the metatarsophalangeal and metacarpop-
halangeal j o i n t s of freshly slaughtered cows. 
- Throughout the stages of preparation of the speoimens the ca r t i l a g e 
surfaoe was not allowed to dry out. 
For t e s t s involving c a r t i l a g e alone, without a backing of subchondral 
bone, the oollet was again used* This time the bone end was introduced into 
the oollet u n t i l only the cartilage protruded. This cartilage layer was then 
s l i c e d off with a straight soalpel blade*. 
Later i n the research i t became possible to obtain human specimens 
for t e s t i n g . The most e a s i l y obtainable area of load bearing cartilage was that 
on the p a t e l l a . Patellae were obtained from post mortem speoimens of various 
ages. An i n i t i a l naked-eye examination of the oartilage showed i t to be i n a 
l e s s perfect condition than the bovine oartilage*Indian ink staining was 
therefore used again to determine the most normal areas for removing the 
specimens. Typical r e s u l t s of t h i s staining technique are shown i n figure 4 * 6 . 
Onoe the specimen s i t e had been determined removal and handling of the specimen 
prooeeded along similar l i n e s to the bovine speoimens. 
4 * 7 Test Procedure 
The test procedure was as follows:-
1• Have C52 meters warmed up 
2. Check calibration l e v e l s on C52's. 
3 . Prepare speoimen 
4 . fieoord t o t a l thickness of speoimen a) oartilage alone 
or b) oartilage + bone 
5« Test - recording displacement, load and time 
taking osoillosoope photographs during o s o i l l a t o r y t e s t s . 
- 48 -
6 . Remove speoimen 
7* Reoord specimen thickness to give independent reading of defleotion. 
8. Take oartilage off bone 
9 . Reoord bone thickness - t h i s gives o r i g i n a l oartilage thickness 
1 0 . Where applicable take oscilloscope photographs of the bone and r i g 
ch a r a c t e r i s t i c s over the same load range 
1 1 . Plot r e s u l t s correcting readings for aero error and r i g and bone 
deflections* 
1 2 . Calculate moduli. 
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5 * 0 Results 
5 . 0 Introduction 
The experimental work ca r r i e d out began as a follow up to L i t c h f i e l d ' s 
( 1 9 7 4 ) work on a oomputer model of a r t i c u l a r c a r t i l a g e . Good agreement had 
been reaohed between the predicted load/time/deformation c h a r a c t e r i s t i c s of the 
model and the experimental r e s u l t s of Sdwards ( l 9 6 7 ) . 
Edwards' tests were of the confined type using a r t i c u l a r cartilage 
from the femeral head of a dog i n normal Saline at 20°C. Curves were 
presented of 
a) Specimen thickness a t equilibrium as a function of applied 
pressure 
b) Percentage l i q u i d exchange as a function of time f o r four 
different loads 
o) Percentage l i q u i d exchange as a funotion of applied pressure. 
Comparison of the above graphs a) and 0) show the relationship between change 
i n specimen thickness and l i q u i d exchange i s approximately constant, showing 
that deformation could be accounted for so l e l y by f l u i d flow out of the matrix. 
Using t h i s f a c t the graphs presented were transposed to read as s t r a i n as a 
function of time for the given loads. This new graph was then used by L i t c h f i e l d 
i n h i s comparisons with the f l u i d flow oomputer model. 
As stated i n section 3 . 1 the theory behind the computer model has been 
alt e r e d i n several ways since L i t c h f i e l d ' s thesis was written and for a l l 
comparison purposes the improved model has been used. 
No attempt has been made i n t h i s study to investigate the load/time/ 
deformation c h a r a c t e r i s t i c s of a r t i c u l a r oartilage by the indentation technique 
used by other workers (see l i t e r a t u r e review). However the i n i t i a l programme 
of work aimed at reproducing Edwards' r e s u l t s for the computer model comparison 
was extended to investigations of the s t a t i c load response and dynamic load 
i 
- 5 0 -
response i n both confined and unoonfined t e s t s , both on Bovine and Human 
a r t i c u l a r c a r t i l a g e . 
A small study was also undertaken on the response of the underlying 
bone to these loadings. I n studying dynamic load responses of the oartilage 
the effect of frequency was investigated. 
5 . 1 Experimental Results - s t a t i c loading _ 
Figures 5*1 and I.2 show typioal s t r a i n v. time ourves obtained i n 
s t a t i c loading of bovine and human ca r t i l a g e i n a confined t e s t . This i s 
allowing social s t r a i n s and flow only, as i n Edwards ( l 9 6 7 ) t e s t s on dog cart i l a g e 
The graphs show loading and recovery periods and i t i s immediately apparent 
that reoovery takes considerably longer. Figure 5*1 shows that v i r t u a l l y 
complete recovery was obtained even after s t r a i n s of 0 . 5 , but the greater the 
s t r a i n achieved on loading the longer the reoovery period. I n comparing 
figures 5 . 1 and 5 * 2 i t can be seen that on loading the bovine oartilage reached 
'ring-out 1 after about 60 mins whereas the human p a t e l l a cartilage had perhaps 
not even fully'rung-out" af t e r 2 4 0 mins. This seems a vast discrepanoy, however 
the dimensionless analysis of section 3 shows that the time involved i s 
proportional to the term where zQ i s the i n i t i a l thickness. This 
r e s u l t of the analysis i s v e r i f i e d by figures 5 . 1 and 5 . 2 as the bovine specimens 
were of the order of 1 . 0 mm thick and the p a t e l l a specimens around 2 . 0 mm thiok. 
Therefore being twioe as thiok the p a t e l l a specimens took four times as long 
to ring-out. Edwards' t e s t s on dog oartilage are also i n l i n e with t h i s r e s u l t 
as h i s t e s t s reached ring-out a f t e r about 20 mins and h i s specimens were 0 * 4 8 mm 
thick. 
The reoovery, l i k e the loading times, can be seen to take much longer 
again i n figure 5 . 2 than figure 5 . 1 . Here again the faot of the p a t e l l a 
specimens being twioe as thick would cause t h i s increase. However i t i s f e l t 
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that the thickness played an extra role here i n lengthening the recovery 
time, because there was much more contaot area with the confining sleeve and 
henoe more f r i c t i o n . This effect would not be so noticeable during the loading 
cycle as the applied load would tend to overcome f r i c t i o n , especially i n the 
osoiUatory t e s t s , however when the load i s removed there i s only the swelling 
of the specimen i t s e l f to overcome f r i c t i o n . 
I n both figures 5 . 1 and 5 * 2 no, or very l i t t l e instantaneous 
deflection i s apparent at either the moment of applying or removing the load. 
Edwards' r e s u l t s from confined t e s t s show a similar lack of instantaneous 
deflections as h i s t e s t s were recording f l u i d flow only, and such instantaneous 
deflections as noted by other workers i n indentation and unoonfined t e s t s are 
attributed to e l a s t i c deformations or barelling of the oartilage matrix and 
f l u i d . I n a oonfined t e s t with no r a d i a l strains permitted such e l a s t i c 
deformation i s reduoed to the order of the bulk modulus compressibility whioh 
i s very small compared with long-term s t r a i n s due to f l u i d flow. 
Figures 5 . 3 and 5 . 4 show the same as figure 5 « 1 but these are for 
unoonfined t e s t s on bovine specimens. Here, both a x i a l and r a d i a l s t r a i n s and 
r a d i a l flow are permitted. The curves have the same overall appearanoe of a 
creep defleotion with time, but with two distinguishing features compared with 
confined t e s t s . 
F i r s t l y an instantaneous deflection i s apparent i n figures 5 * 3 and 
IS 
5 . 4 . This deflection at application bsssg considerably bigger than at removal 
of load. An analysis by L i t c h f i e l d ( l 9 7 4 ) shows that 
Al = A • 1 
where 6 Q =» 'instantaneous' response on compression 
(f( s 'instantaneous' response on removal of load 
Z, =» oartilage thickness at equilibrium before removal of load. 
S„ a the creep deflection 
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Henoe the r a t i o of - 3 ^ can never be leas than 1 and figure 5 . 3 i s i n 
' 6 o agreement with t h i s . For example i n figure 5 . 3 with load of 0 , 6 8 x 10 N/m 
S 0 - 01 
z === 0-58 
cfx =^ 0-48 
These y i e l d the value of . 0 5 5 for ff, the instantaneous deflection on removal 
of load which i s approximately oorreot. 
The seoond obvious difference between the confined and unconfined 
r e s u l t s i s the rate of recovery. I n the unconfined t e s t s figure 5 . 3 i t can 
be seen that after the i n i t i a l instantaneous recovery, the reoovery rate i s 
far slower and for a large portion of the period i s almost l i n e a r with time. 
Figures 5*1 and 5 . 4 wore based on specimens of nominally the same 
si z e , 5 * 6 mm i n diameter and 1 . 0 mm thick, however i t appears that the time to 
ring-out i n the unoonfined cases i s marginally longer. 
* * 
The equilibrium s t r a i n s at ring-out were used to plot the s t a t i c load 
s t r e s s - s t r a i n curves of figures 5*5 ~ 5 . 8 for bovine c a r t i l a g e . 
Figures 5 * 5 and 5 * 6 are r e s u l t s from confined t e s t s , figure 5 * 6 
showing the majority of r e s u l t s obtained i n t h i s study and figure 5*5 showing 
the r e s u l t s from Just two seri e s of t e s t s . I t i s the t e s t s performed to produce 
figure 5*5 that were used for comparison purposes with the computer model for 
confined s t a t i c loading. As stated i n section 3 . 1 * 3 the model requires the 
values of a and b from the equation of the s t r e s s - s t r a i n curve at equilibrium. 
Figure 5*5 gives these values at a s 0 * 2 8 x l0**N/m2 and b = 1 * 4 7 . 
The asymptote of t h i s ourve i s the l i n e where the f i n a l s t r a i n 
reaches the porosity of the material, given by -1 . Henoe i t can be estimated 
that these bovine specimens had a porosity i n the region of 0 . 6 8 . 
Figures 5 * 7 and 5 . 8 show the same as 5 * 5 and 5.6" but for unoonfined 
t e s t s . Also shown on figure 5 * 7 are r e s u l t s obtained by MoCutchen ( 1 9 6 2 ) when 
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t e s t i n g cartilage from the leg joint of a cow i n water. Agreement between 
our r e s u l t s and those of McCutchen i s f e l t to be very good, and the discrepancy 
shown could e a s i l y be accounted for by variation i n the condition of the t e s t 
material or the s i t e s from which they were taken. MoCutohen only states h i s 
specimens were from the leg j o i n t of a oow, which may not have been the medial 
trochlea of the femur from where our specimens were taken. 
— I f comparison-is made between these - s t r e s s - s t r a i n curves for confined 
and unconfined t e s t s i t i s noted that they are quantitatively very s i m i l a r . 
The process by which the f i n a l s t r a i n s are reaohed i s quite different as 
borne out by figures 5 . 1 , 5 . 3 and 5 * 4 , but the end r e s u l t s show that for a 
given load v i r t u a l l y the same s t r a i n s w i l l be reached i n both confined and 
unoonfined t e s t s . 
This phenomenon was demonstrated by a simple t e s t -
Small c i r c u l a r discs of cartilage were removed from the troohlea 
of a cow. The unstrained dimensions of these discs were recorded. The discs 
were then held i n a micrometer and a known s t r a i n applied. Immediately the 
s t r a i n was applied the diameter increased. Whilst strained the cartilage was 
kept submerged i n Ringers solution. At intervals during the t e s t the diameter 
was measured. I t was found that with time, as l i q u i d was expelled from the 
c a r t i l a g e the diameter decreased. After about one hour the diameter had 
returned to i t s value before the s t r a i n was applied. See figure 5*9* This 
seems to show that after the state of equilibrium was reached the specimen had 
the same dimensions as i f i t had been part of a confined t e s t , the process by 
which i t achieved these f i n a l dimensions being the different factor. 
Figure 5 * 1 0 shows the s t r e s s - s t r a i n curve at equilibrium for the 
_ QC 
human p a t e l l a specimens. The curve of the form 6 ~ T-~bF ^•** e^ *° these 
points for computing purposes has the values of Q =» 0 . 4 5 5 x loSf/m2 and b= 1 . 5 
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Comparison of these experimentally obtained curves i s made i n 
figure 5*'1 for confined t e s t s . Edwards (1967) r e s u l t s indioate that dog 
t i b i a oartilage i s much s t i f f e r than either human pat e l l a or bovine femur 
oartilage, with the bovine c a r t i l a g e appearing to be softest. From the ourves 
f i t t e d to the experimental points the values of porosity, that i s T~ : are 
D 
Dog 0.55 
Human 0.67 
Bovine 0.68 
Edwards does not quote d i r e c t l y the i n i t i a l porosity of the dog 
oartilage he used, but figures are given whioh allow porosity to be calculated 
and y i e l d a figure of 0.71. This figure i s oloser to those obtained above f o r 
human or bovine, but i s i n varianoe to the figure calculated for dog oartilage. 
However an explanation of t h i s possibly l i e s i n the fa c t that the s t r e s s - s t r a i n 
curves would y i e l d a figure f o r ^ , or porosity, which i s for f r e e l y moveable 
f l u i d within the speoimen, whereas the figure of 0.71 arrived at from Edwards 
data i s obtained from the f u l l y swollen and dry masses of the speoimen, and 
henoe includes l i q u i d entrapped i n the matrix and not free to be forced out 
under normal loading. However t h i s e ffect of al t e r i n g porosity w i l l be seen i n 
section 5*3 to have only a s l i g h t e f fect on the load/deformation/time character-
i s t i c s of cartilage. 
5.2 Experimental r e s u l t s - Dynamic Loading 
The dynamio load t e s t s were carried out using the r i g i n the 
configuration of section 4.3*3 with the load applied to the spring by an 
eooentric cam. 
In these t e s t s there was a constant load produced by an i n i t i a l set 
deflection of the spring, with the o s c i l l a t i n g load superimposed upon i t . The 
constant load produoed the c h a r a c t e r i s t i c creep defleotions of section 5*1 and 
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the oscillating load produced an additional small rippling deflection. The 
magnituda of this ripple was small compared with the creep deflections, even 
i n oases where the amplitude of the oscillating load was about equal to the 
constant Load. Beoause of the very small deflections being measured the whole 
of th8 test apparatus and procedure came under scrutiny, as any additional 
defleotions recorded, extraneous to the deflection of the cartilage alone* 
would greatly alter the values of strain and modulus calculated. 
F i r s t l y the r i g was investigated and did show a load dependent 
deflection characteristic, see figure 3.12. This r i g defleotion was substantial 
compared with the specimen deflections and rather surprisingly non-linear. The 
r i g deflection was checked at several intervals during the period of the work. 
The explanation of the non-linearity lies presumably in the oontact between 
the spherical end of the plunger and i t s oonioal seating i n the spring support 
plate, and also perhaps i n the porous bronze d i s c The r i g defleotion character-
i s t i c s were also found correct, not just for static load defleotions but for 
o a d i l a t i n g loads. Oscilloscope photographs were taken of the r i g defleotions 
alone under varying magnitudes of oscillating loads. The recorded defleotions 
matched the deflections read off the graph for the corresponding load levels 
and were i n phase with the load, e.g. an osoillating load between 10 and 2QN 
caused an in phase osoillating defleotion i n the r i g of 0.0102 - 0.0064 mm, 
i.e. 0.0038 mm. 
These r i g deflections were repeatable and although largely inexplicable 
i t was considered acceptable to treat them as a figure to be subtraoted from 
the t o t a l . They are a large part of the defleotions recorded i n oscillatory 
tests, but are negligible i n the static loading oases. 
In tests on cartilage alone the r i g deflection was subtraoted direotly 
as stated above to give the net deflection of the cartilage. However i n a l l 
the unconfined tests, and some of the confined tests, where the cartilage was 
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tested without removing i t from the underling subchondral bone, an additional 
test was carried out. Here the oartilage was removed from the bone after the 
test and the bone and r i g alone were then subjected to the same loading 
conditions. 
Consideration of the bone deflections led to a small study of the 
bone characteristics themselves, see Appendix 1 . The deflections recorded from 
the bone can be seen to be insignificant i n considering statio load character-
i s t i c s of cartilage but again had to be taken into consideration i n the dynamic 
tests. They were treated with the r i g deflections as a figure to be subtracted 
from the overall deflections* 
The accuracy of the displacement transducers and the B.P.A. recording 
meter was investigated at these small displacements. The L.V.D.T. transducers 
as supplied have i n f i n i t e resolution, a linea r i t y on calibration of 0.5$ and 
were of grade A1 which gives an accuracy of 0.1$ of f u l l scale deflection over 
the lower 20$ of range and 0.5$ of the actual value over the upper 80$ of range. 
The B.P.A. meter i s quoted as having an accuracy of ±1$ of f u l l soale deflection. 
Therefore using the B.P.A. on i t s most sensitive scale with these transducers, 
i.e. a f u l l soale deflection of 0.1 mm, i t should be accurate to ±0.001 mm. At 
no time was i t attempted to take values of the oscillating deflections directly 
off the B.P.A. except to obtain a very rough guide to the size of defleotion. 
A l l readings of these small deflections were taken from the osoilloscope 
photographs. The accuracy of the combination of the transducers, the switch 
selector unit type C 3 5 , the B.P.A. meter and the osoilloscope was studied using 
a Hilger and Watts vertical Microptio measuring machine to apply known small 
deflections to the transducers. This Microptic has a stated aocuraoy of 
to.0008 mm for the range of 0 - 25 mm. 
The outcome of this investigation was that for deflections of 0.012 mm 
or above the aocuraoy of the combined system was around ±2.5$ of the reading; 
- 5 7 -
this being taken as the error between the trace measured from the 
oscilloscope and the known travel of the mioroptic. However for displacements 
less than 0 . 0 1 2 mm the error increased as the displacement decreased. Considering 
the largest errors recorded, the % error on readings appeared to increase 
linearly as displacements decreased u n t i l at a displacement of 0 . 0 0 1 mm the 
error could be in the region of ± 5 0 - 6 0 / 0 and were quite randomly positive and 
negative. However at such small deflections the error recorded is of the same 
order as the error stated for the Mioroptic i t s e l f , and may not be error i n 
the transducers. 
In calculating the actual deflection of the cartilage, as stated above, 
the r i g deflection i s subtracted from the recorded deflection. Therefore i n 
the worst cases where both recorded and r i g defleotions are very small the 
addition of these errors could produce errors i n the cartilage deflection of 
around £ 1 0 0 # . 
This implies that the displacement recording instrumentation i s 
grossly inadequate for these purposes. However, as w i l l be shown later, the 
results obtained followed a definite pattern and produced f a i r l y repeatable 
graphs. The errors found above were not a l l positive or negative and therefore 
should produoe random alterations to the f i n a l values. Therefore i f i t i s 
accepted that the characteristics of cartilage can change from one specimen 
to the next, be they either from different joints or even different sites on 
the same bone end, as referenced i n the literature review, the soatter i n the 
results could be put down to the different specimens. As, for any one specimen, 
the figures seem consistent, then i t could be assumed that these estimated 
errors are rather too severe and perhaps are underestimating the accuraoy of 
the instrumentation. 
Confined Tests 
Figure 5.13 shows the hysteresis loops produoed by dynamio loading 
of confined specimens. Although scales on these photographs are different the 
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phase angles in each case can be compared. Prom figure 5 . 1 3 i t can be seen 
that the phase angles are 
a) Bovine 5 ° and 9 ° 
b) Human 0 ° and 7 ° 
c) Rubber 1 5 ° 
These photographs presented here are typical of a l l the tests. As 
can be seen the traoes are not perfectly^ smooth. There i s noise on the load 
(vertical) axis. This noise at f i r s t was thought to be due to f r i o t i o n i n the 
confining sleeve around the specimens, but as oan be seen from figure 5 . 1 6 
the same noise is present on the hysteresis loops for unconfined tests. 
Investigations took plaoe, but the oause of the noise was not discovered u n t i l 
very late i n the period of this work. Modifications are planned to eliminate 
the noise, but w i l l be too late for inclusion in this thesis. This noise must 
be within the frequenoy range of 0 - 5 0 Hz as f i l t e r s i n the electrical circuits 
cut out any signals outside this range. The noise has been traoed to vibration. 
Whereas the needle on the B.P.A. meter is damped and showed very smooth 
oscillating loads, the oscilloscope is more sensitive and i s undamped. When 
there was only static loading there was no noise on the trace. Howe/er when 
the motor i s on and rotating the shaft carrying the eccentrio which applies the 
load to the spring, the noise i s present on the trace. This presumably oould 
be corrected by mounting the r i g and the motor plus gearbox on separate frame-
works or by isolating mountings 
For a typical trace the maximum noise was i n the region of 2 mm to a 
signal trace of 5 3 mm* This was equivalent to 2 . 6 mV noise on a signal of 
7 0 mV. Hence the noise to signal ratio is 0 . 0 3 7 or approximately 
The phase angles recorded i n the tests did not seem to change 
significantly with any other variable. The variables that could possibly have 
had some effect are: 
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1) The D.C. creep strain of the specimen, as this i s altering 
the specimen to one with less f l u i d component and more 
matrix to i t s volume. 
2) The frequenoy of the dynamic loading 
3) The ratio of the amplitude of the dynamic load to ths constant 
mean load during the test. 
As no trend between any of these variables and phase angle was obvious 
the mean phase angle for a l l tests was calculated. This mean was 7 ° for bovine, 
which w i l l tend to be slightly on the low side as i n many tests where the 
hysteresis loop was very close to being in-phase, calculation of the phase 
angle was impossible and these tests were given the phase angle of 0°. 
The mean value of the phase angles for the combined tests on rubber 
was 13°> and for the human specimens 12*6°. 
These phase angles being similar for cartilage and rubber tested under 
the same conditions, indicates that the compression of the cartilage under the 
dynamic loading i s essentially an elastic compression and not a f l u i d flow 
phenomenon. 
From these hysteresis loops the 'moduli' can be calculated. Knowing 
the scale factors involved and having the oscilloscope calibrated the 
amplitudes i n the X and T directions as read off the photographs give the 
deflection and load amplitudes respectively. The defleotion can then be 
oonverted to a strain amplitude and the load to a stress amplitude. The 
dynamic modulus is then calculated as stress amplitude 
strain amplitude 
As stated previously this method of testing allows no radial strains. 
Here then under dynamio conditions i t has been shown that f l u i d flow i s 
playing praotioally no part i n the process, and that the behaviour i s essentially 
linear. This dynamic modulus therefore resembles the E for a Hookean solid 
discussed at the end of section 3.5. 
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Figures 5.14 and 5 - 1 5 show the variation of this calculated modulus 
against the corresponding creep strain of the specimens for bovine and human 
specimens under confined compression. The graphs show a wide soatter of 
results which for the most part could be due to the varying conditions of the 
test specimens. However the wider soatter at the larger values of creep strain 
i s probably attributable to the greater innacouraoy of the deflection measuring 
system i n this region as here the amplitude of the deflection is much smaller. 
From both the graphs however i t i s obvious that as creep strain increases so 
does the modulus. 
8 2 
For bovine specimens, figure 5«14j this increase is from 0 . 8 x 10 N/m 
8 2 
at a creep strain of 0 . 0 5 to around 1 0 x 1 0 N/m at a creep strain of 0 . 6 . The 
bovine specimens were a l l from young beasts and none appeared, on naked eye 
examination, to have any degenerate areas. Therefore the bovine specimens 
oould be considered as v i r t u a l l y the same. 
However from figure 5 * 1 5 fox* human patellae specimens i t can be seen 
that eaoh specimen shows i t s own relationship between modulus and creep strain. 
Patella A (81 year old male) has a characteristic very close to that 
8 * p 
shown in figure 5.14 with the modulus increasing from 0 . 6 x 10 N/nr at 0 . 0 5 
strain to 6 0 0 x 10%/m2 at 0 * 3 5 strain. Patella B ( 7 8 year old male) however 
shows much less increase with strain, varying only from 0 . 5 x 1 oVm 2 at 0 . 0 5 
strain to 1 . 6 5 x lO^/m2 at 0.4 strain. Patella C ( 1 7 year old male) again 
has a characteristic much closer to Patella A and that shown i n figure 5*14 
with the modulus increasing from 0 . 8 x lO^/m2 at 0 . 0 5 strain to 2 . 6 x 108N/m2 
at 0 . 3 strain. The specimens i n eaoh case were taken from the most normal areas 
of the patellae. 
Unoonfined Tests 
Figures 5 . 1 6 and 5 . 1 7 show the same as figure 5 . 1 3 and 5»14 but for 
unconfined tests on bovine specimens. For the unconfined tests the phase 
- 61 -
angles i n figure 5 . 1 6 were 
Bovine 6 ° and 2 1 ° 
Rubber 17° 
As with the confined tests, no trend was apparent between phase 
angle and any other variable so again the average value of phase angle was 
calculated. These were 1 6 ° for bovine specimens and 1 7 ° for rubber. 
Figure 5^17 shows the variation of modulus with creep s t r a i n for 
unconfmed t e s t s on bovine specimens. The modulus again increases with oreep 
s t r a i n from 0 . 5 x 108N/m2 at 0 . 0 5 s t r u i n to 1 0 x lO^/m* at 0.525 s t r a i n . 
Johnson (1974) performed similar o s c i l l a t i n g load t e s t s on unconfined 
specimens of human a r t i c u l a r c a r t i l a g e . He applied a sinusoidal load, super-
imposed upon a s t a t i c preload and monitored the s t r a i n amplitude and oreep 
s t r a i n with time. His r e s u l t s were qu a l i t a t i v e l y similar to those of figure 
5 . 1 7 . However the moduli quoted for the human ti s s u e are only about 25 - 50/& 
of the moduli achieved i n bovine t i s s u e . The hysteresis loops presented by 
Johnson are very si m i l a r to those of figure 5 « 1 6 . Both sets have a very small 
area within the loop, giving low phase angles, and both sets are s l i g h t l y 
non-linear. 
Bffeot of frequency on Modulus 
The t e s t s to study the effect of frequency of loading on the A.C. 
Modulus were ca r r i e d out on several specimens, and produced the same r e s u l t s 
i n each case. A l l these t e s t s were performed i n the confined configuration. 
The t e s t on each specimen was carri e d out at a frequency of 1 Hz • At 
prescribed i n t e r v a l s during the te s t the frequency was al t e r e d to 0 . 2 Hz and 
then 5 Hz without stopping the t e s t , or unloading the speoimen. A short i n t e r v a l 
of time, approximately one minute, was allowed between changing frequency and 
taking the r e s u l t s , to enable the whole system to s e t t l e and also for checking 
the new frequency. 
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Figure 5.18 shows the effect of frequency on modulus as recorded 
against creep strain i n three of the tests on bovine specimens. 
Plotting against creep strain, as opposed to time i s preferred as, 
during the f i r s t part of the test, the change i n creep strain with time is 
very pronounced, and during the minute's delay between readings the creep 
strain varied. 
Figure 5.13 shows for the frequencies selected which were about 
normal walking speed, and five times faster and slower than that, there i s 
very l i t t l e change i n the modulus. A slight tendency could be seen towards 
a higher modulus at a higher frequency, but this is not a significant trend. 
The apparent possible change i n modulus with frequency at higher levels of 
creep strain could be attributed to the higher degree of inaccuracy i n the 
displacement transducer readings as pointed out previously i n this seotion. 
Figure 5.19 shows these results plotted together, and aocentuates 
the soatter i n the results obtained. This scatter is attributable to the 
conditions of each specimen used, as, for each specimen alone the points f a l l 
very close to a single line as seen in figure 5.18. 
These results would tend to suggest that viscous effects were 
unimportant i n determining the stiffness of cartilage i n these experiments. 
Within the range tested 0.2 Hz to 5 Hz the compression as previously indicated 
by the hysteresis loops i s due purely to a bulk modulus effect and f l u i d flow 
i s negligible. 
5.3 Theoretioal Results - Constant Loading 
As stated i n section 5*0 the experimental work was i n i t i a l l y a 
follow up to Litchfield's 0974) work on a computer model of articular oartilage. 
The computer model was mainly used to reproduce the results of Edwards (l967). 
Litchfield (section 5.4) explains how the results of Sdwards yie l d the data 
for the computer model. This data i s 
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Applied stress levels 1.02, 2.04, 3-10, 6.895 * 1 0 N/m 
Permeability 1.09 x 10~l9m2 
Porosity 71J2 
Specimen thickness 0.48 mm 
The graph of deformation against applied pressure as given by 
Edwards yields the values of the material property constants a and b from 
— Q £ the curve f i t of the form 6" = j as explained i n section 1.1.3. 
These values are a => 1.655 x 1 oVm 2 and b = 1.825. 
Chapter 3 describes the ways i n which the theory behind Litchfield's 
original programme has been altered. Figure 5.20 shows the effect of these 
alterations on the strain-time characteristics, for just two of the Edwards 
loading conditions. 
At low loads the new programme lags the experimental curve whereas 
the original programme always led, but agreement between the new programme 
and the experimental results i s s t i l l good. However at higher loads the 
agreement between the new programme and the experimental results i s improved, 
especially during loading. 
Litchfield 1s original programme, at higher loads had a tendency to 
give a strain-time characteristic which beoame more and more linear, crossed 
over the experimental results and then flattened o f f sharply to the f i n a l 
strain. A similar type of response also occurred after the release of load. 
The new programme produces a much smoother curve, always remaining to one side 
(lagging) the experimental results. 
Apart from this comparison a l l the following computing has been done 
using the new modified programme, mainly i n i t s dimensionless form. To show 
the effect of varying different parameters on the computed strain-time 
characteristics, the case of Edwards lowest applied load, 1.02 x lO^N/m2 has been 
used throughout. 
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The dimensionless analysis gave the dimensionless groups as 
<L(e) . , , b , v 
The values of a and b are set by the experimental results being modelled, 
is set by the applied loading conditions, and the dimensionless programme 
S K a t 
produoes the relationship between ~ and ~f\—2~~ • Therefore the f i r s t 
1J «-ZO 
parameter to be investigated was the i n i t i a l porosity of the speoimens. 
Figure 5.21 shows the effect of the porosity on the computed strain* 
I t can be seen that porosity does have some effect on the strain, which 
increases as the value of porosity becomes closer to the value of the f i n a l 
strain. This can be extrapolated to the case where the i n i t i a l porosity equals 
the f i n a l strain; i n this situation as soon as the load i s applied, the pores 
at the surfaoe w i l l be closed up and no f l u i d w i l l be able to esoape. I f this 
situation actually occurred then, no, or very l i t t l e , strain would result. 
The effeot of altering permeability is now b u i l t into the dimensionless 
time group T = t — from whioh can be seen the relationship that w 
Litchfield came upon by a different route. That is at any value of strain there 
is a certain value of T , and i f the value of K incorporated i n T is 
doubled then the value of t , real time, to reach that strain is halved, and 
vice versa. 
The next relationship to be investigated was that between permeability 
and strain, Litchfield had shown that for axial flow the permeability K varied 
3 
as K = K Q ^ . Figure 5.22 shows what effect there would be i f 
this relationship obeyed a different power law. An increase i n the power 
delays the reaction, and decreasing the power speeds up the reaction. The 
extreme of this is where the permeability remains constant with strain, and 
as seen i n figure 5.22 the oartilage i n this case would deform almost linearly 
with time to a value near i t s f i n a l strain and then quite suddenly level out to 
i t s f i n a l strain. 
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The permeability does not only however vary with strain. Maroudas 
( 1 9 7 3 ) showed that throughout the depth of a slice of cartilage the permeability 
varies. Figure 5 . 2 3 shows this variation for just two of the oases Maroudaa 
quoted. From the theory of seotion 3 . 4 , equation 28, the mean permeabilities 
were calculated aas-
for 35 year old 4 . 4 8 x I0" 1 9m 2 
27 year old 3 . 3 1 3 x l O " 1 ^ 2 
Using the same data, except permeability, as for Edwards lowest 
load, figure 5.24 shows the effect of this permeability distribution. The 
permeability is s t i l l governed in these cases by K = K Q ( ^ ~ € - ) but for the 
case of variation of permeability through the depth the value of |^ used 
is in fact a curve f i t to the graphs of figure 5 . 2 3 . I t appears that, just 
as Marouias said there seems to be no correlation between age and permeability 
distribution, so too, each of these distributions has i t s own effect on strain. 
The only consistent fact emerging from these two distributions is that both 
produce a faster reaction than i n the constant i n i t i a l permeability case. 
Extending this distribution of permeability with depth to the 
arbitrary curve of figure 5.25 led to the computed curves of figure 5 . 2 6 . 
This simple quadratic distribution of permeability through the depth was used, 
as there i s a belief by some workers (see literature review) that cartilage 
has a very thin surface layer, the lamina splendens, which has very low 
permeability. The curve of figure 5.25 K = ( C + 2 0 x -20 x 2 ) x 10~ 1 9 
where X i s the distance from the surface allows values of C to be chosen 
giving very low surface permeability. Most of the curves of Maroudas (1973) 
showed the permeability increasing from the surface and then decreasing 
towards the deeper zones, as does the curve of figure 5.25. The computation 
was done with C a 0.1, 0.2, 0 . 5 , 1.0. 
For the case of C = 0.2 the overall mean permeability was 
calculated from equation 28 to be 2.94 x 10 ym and the effect of altering C 
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i s compared with this constant permeability ourve. ( i t is accepted that 
altering C would also slightly alter the overall mean permeability but not 
by a very large amount for the range of Cused) From figure 5 .26 i t can 
be seen that for very low values of C , i.e. when the surface permeability 
i s very small the reaction of the cartilage i s slowed down, this w i l l be due 
to the low surface permeability hampering the passage of the f l u i d from the 
deeper layers out through the surface. 
In a l l the computing so far i t has been assumed that the f l u i d i s 
flowing out into a region of zero gauge pressure. Figure 5 .27 shows the effect 
of altering this surface f l u i d pressure. Again for the conditions of Edwards 
lowest load i t can be seen that an increase i n surfaoe f l u i d pressure 
decreases the f i n a l strain reached for the same load. Immediately as a load 
i s applied to the cartilage the f l u i d i n the deepest layer i s pressurised to 
the value of the applied load, whereas at the surface the f l u i d takes no 
pressure and the load is supported by the matrix. I f the surfaoe f l u i d i s 
at a pressure above zero gauge pressure, the pressure dif f e r e n t i a l i n the 
f l u i d between the deepest and the surfaoe layers i s less and the resultant 
out-flow of f l u i d i s correspondingly less. This is not a linear relationship 
as seen from figure 5*27* A surface f l u i d pressure of about the applied 
pressure does not result In a i reduction of the f i n a l strain. However i n 
the extreme case of the surfaoe f l u i d pressure equalling the applied load, 
there is no resultant strain of the specimen which is as would be expeoted 
since there is no resulting pressure differential set up i n the f l u i d and 
consequently no f l u i d flow. 
The way the deformation of the cartilage is accomplished with time 
i s shown by the way the strain varies with the depth from the surface as the 
time increases. Figure 5*28 shows this variation, again for a constant applied 
pressure of 1 , 0 2 x 10%/m 2 and for the case of zero gauge pressure of the 
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f l u i d at the surface. In this case a l l the load at the surfaoe must be 
supported by the matrix and so immediately the strain at the surfaoe becomes 
the value of the f i n a l strain. As time increases the f l u i d seeps out and the 
strain in the deeper layers inoreases. Eventually at an i n f i n i t e time i n 
theory the whole specimen i s at the f i n a l strain and no more deformation takes 
plaoe. The near vertical lines on the graph show the positions of various 
-points in the solid with respect to the surface as time increases. I f the 
surface f l u i d pressure were not aero, of course this variation would not be 
the same, the main difference being that for the same load the strain at the 
surfaoe at a l l times would be the new f i n a l strain for that surface f l u i d 
pressure. 
Figure 5.29 shows the magnitude of the f l u i d pressures through the 
depth as deformation and time increase. I n i t i a l l y most of the load i s carried 
by the f l u i d pressures except at the surface where the gauge pressure i s zero. 
The f l u i d pressure decreases with time throughout the depth as the strain 
increases and the matrix carries a larger portion of the load. Eventually 
the matrix oarries a l l the load, the f l u i d pressure throughout i s zero and 
the f i n a l strain has been reached everywhere. When the surface f l u i d pressure 
i s not zero a similar transfer of load oarriage between f l u i d and matrix i s 
carried out, but instead of the f l u i d pressures converging on a zero value at 
equilibrium, they converge to the value of the surfaoe f l u i d pressure, and the 
graph of figure 5*29 appears condensed on the vertical axis. 
Figure 5 .30 shows the comparison between the computer model and 
the results obtained by Edwards for a l l the loading conditions. Agreement for 
the loading phase i s reasonably good, but i n the unloading cases the oomputer 
model i s heavily dependent on several variables, most especially permeability, 
and a small alteration in these measured values would make agreement 
significantly better or worse. 
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Confined compression tests, as reported i n section 5 . 1 on bovine 
and human oartilage have produced qualitively similar results to those of 
Edwards. The data from the experiments has been used i n the computing and 
yielded the graphs of figures 5.31 - 5 - 3 3 for bovine and figures 5.34 - 5.36 
for human specimens. 
For a l l the bovine specimens the data was _ 
Porosity 0.68 
a 0.28 x 106N/m2 ) 
) from figure 5 . 1 1 
b 1.47 ) 
Stress levels and specimen thicknesses were individual to each 
test. The value of permeability i s the most important variable and for this 
reason the results are presented with a band of l i k e l y permeabilities. 
Munding (1975) measured the permeability of the bovine cartilage being used 
-19 2 
and produced results scattered around a mean of 8.5 x 1 0 m . This value 
—18 2 
and double this value ( 1 . 7 x 1 0 m ) were used to plot the praotical results, 
although this l a t t e r value i s probably rather high. 
With the dimensionless group T= Kqt incorporating the value of K 
only one line is produced by the computer for each loading case. Litohfield 
u 
when plotting against real time, showed that doubling the parameter 2 » 
halved the time to reach a certain strain. However, i n this dimensionless 
u 
study doubling the parameter 2 d o e a n o t alter the plotting of the £ f T 
graph, but for each value of ^ chosen the value of T represents a 
different real time. In this case, to show the effect of altering the 
permeability i t i s the practical results that must be plotted using the two 
extremes of the permeability range. At the lowest load, figure 5 o 3 1 , the 
computed curve f a l l s within the band of experimental results, but as load 
increases, figures 5 . 3 2 and 5 * 3 3 , the computed results f a l l outside this 
band. In a l l of these cases the effect on the computed curve of keeping the 
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permeability constant with strain i s shown, and this i s obviously u far too 
severe constraint as i n a l l cases i t i s very far from the practical results* 
For the human patella specimens the data was 
Porosity 0 . 6 8 
a 0 . 4 5 5 x 1 0 6 ) 
) from figure 5 « 1 1 
b 1 . 5 ) 
Again stress levels and specimen thicknesses were individual - to each test. 
Once more the important variable i s permeability. As no tests have been 
performed i n this study on the permeability of patella cartilage, a guide to 
the possible value was taken from the figures given by Maroudas ( 1 9 7 3 ) for 
femoral condyle cartilage. For comparison with the oomputed £ v T curve 
-19 2 
the range of permeability of 4 . 2 5 - 8 . 5 x 1 0 ,7m was used, with the latte r 
of these being again on the high side. Figures 5 » 3 4 - 5 * 3 6 show a similar 
trend as for the bovine results, with the agreement to the computed ourve 
being closest at the lower applied stress levels. 
From the curves of figures 5o21 - 5*27 i t can be seen how very many 
variables have an effect on the strain v. time characteristics of articular 
cartilage. No doubt by combining the effects of many of these, and altering 
some values the computed and practical results could be made extremely close. 
However this would then be a oase of curve f i t t i n g and not modelling. 
5 . 4 Theoretioal Results - Osoillating Loading 
Due to computational d i f f i c u l t i e s L i t c h f i e l d ( l 9 7 4 ) found i t very 
d i f f i c u l t to run the axial flow programme with oscillating loading. Therefore 
to acquire some idea of the magnitude of the oscillating strain amplitude 
produced by f l u i d flow, the phase lags and the effect of frequenoy on both 
of these, i t was deoided to use only the radial flow programme for these 
calculations. Some relationship was therefore required between the strain/time 
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characteristics produced by axial flow only, and those produced by radial 
flow only. 
Both programmes in their corrected and non-dimensional forms were 
run with the same data. An arbitrary cylindrical speoimen size was chosen 
with R» 2.5 
mm and ZQ a 1.0 mm. The values of Q and b used were those 
obtained from the tests on bovine specimens and a value of 5 x 10"^ m^2 was 
used for permeability as this seems to f a l l reasonably i n line with the 
values given by McCutohen (1962) and Munding (l975)• This value was used both 
as axial and radial permeability as several workers (see literature review) 
have found these to be approximately equal. Porosity was taken as 0.68 and 
the non-dimensional stress level used was 2.0. 
The resulting graphs of T and T against strain are shown i n 
figure 5.37 
T K a t . T * Kat where T = ~ — o ~ and T = ~^—TT-
I t can be seen that although the radial flow programme, £ ^ T , 
i s much quicker to react i n i t i a l l y i t takes longer to reach the f i n a l strain, 
whereas the axial flow programme predicts a slower i n i t i a l increase, but 
reaches the f i n a l strain ahead of the radial flow case. 
From figure 5*37 i t can be seen that up to around a strain of 0.2 
there is the relationship of T — 5 01* Therefore up to this value 
of strain = 5.0 or -B_ = 2.236. 
Therefore i t can be postulated that i f a specimen was chosen 
having R 3 2.236zQ the axial and radial flow characteristics would be 
similar i n the i n i t i a l stages. 
For obtaining some details about the effect on strain amplitudes of 
f l u i d flow due to oscillating loads the radial flow programme was then used on 
the assumption that up to a strain about 0.2 and for an idealised specimen 
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having R » 2 .236^ i t could be counted as similar to the axial flow. 
Figure 5.38 shows the f i r s t few cyoles of the s t r a i n response to 
an o s c i l l a t i n g applied load at a frequency of 1 Hz with an amplitude of 
= 4.0 around a mean load of = 2.0. This magnitude of loading i s much 
greater than i s l i k e l y to be encountered i n most physiologioal situations, 
but i t was found neoessary to use such grossly exaggerated loads f o r the 
computing, as the strains due to f l u i d flow were so small. Figure 5.38 shows 
up t h i s condition. I n about the f i r s t ten cycles of loading, the creep s t r a i n 
has reached 5 x 10"^ whereas the amplitude of the s t r a i n due to the o s c i l l a t i n g 
component of the load i s around 0.15 x 10~ 3 , more than an order of magnitude 
smaller. 
Figures 5«39 - 5.41 show t h i s same response. Figure 5*39 f o r the 
f i r s t two cycles, figure 5.40 for the 601 cycle and figure 5.41 for the 36OO 
cyole. The st r a i n amplitudes decrease with the increase i n creep s t r a i n and 
also the phase lag decreases. See table below 
Cycle 1 - 2 601 - 602 3601 - 3602 
0.14 x 1 0 - 5 0.44 x 1 0 " 8 4 0.93 x 10" 5 Strain Amplitude 
1.0 x 10" 3 0.14 0.28 Creep Strain 
63 63 36 Phase Angle 0 
These very small values of s t r a i n amplitude due to f l u i d flow 
support the view put i n section 5*2 that the measured o s c i l l a t i n g strains are 
due almost e n t i r e l y t o gross oompressibility and not to f l u i d flow at frequencies 
around 1 Hz, the walking frequency. 
From the experimental work of section 5*2 an average was taken of 
results from the f i r s t 1 - 1 . 5 minutes of the loading cycle. The mean oreep 
s t r a i n i n t h i s period was 0.13 and the mean 'A.C.1 s t r a i n amplitude was 
1.5 x 10~ 3 . Comparing these values with those of the above table of computed 
re s u l t s , show that the effec t of f l u i d flow i s about two orders of magnitude 
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smaller than the experimentally obtained values f o r the A.C. strain amplitude, 
air 
again showing that «0 these frequencies f l u i d flow plays a negligible part i n 
the o s c i l l a t i n g deformation. 
Comparing the phase angles too, shows the f l u i d flow reaction to 
the o s c i l l a t i n g load i s lagging by as much as 63° , whereas i n practice the 
phase angles recorded were similar t o those of rubber. The e l a s t i c i t y effect 
of the cartilage at these frequencies again overrides the effecb of f l u i d 
flow. 
Purely for comparison purposes the computer programme was run with 
loading frequencies of 0.2, 1 and 5 Hz. These are the same as the experimental 
t e s t frequencies. As the loading used i n the computing was far i n excess of 
the p r a c t i c a l loadings, the values of strains produoed w i l l not be quoted 
d i r e c t l y , but a modulus w i l l be quoted. This could be termed the ' o s c i l l a t i n g 
load f l u i d flow modulus' which i s given by!- Applied stress amplitude 
Resulting s t r a i n amplitude due to 
f l u i d flow 
Figure 5«42 shows the value of t h i s modulus plotted against oreep 
s t r a i n f o r the three frequencies. One obvious conclusion from t h i s i s that at 
a l l these frequencies the value of t h i s Modulus i s one or two orders of 
magnitude greater than any of the experimentally obtained results, so that 
even slowing the frequency down to 0.2 Hz s t i l l does not give the f l u i d flow 
s u f f i c i e n t time to take a major part i n the deformation of the oartilage. 
Unlike figure 5«18 however, where the frequency had no effect on the 
modulus, figure 5.42 shows that frequency does affect the f l u i d flow modulus. 
The greater the frequency the smaller the r o l e played by f l u i d flow i n 
oartilage deformation. This conclusion i s obvious since slowing the frequency 
down to the extreme of zero would produce the characteristics of the s t a t i c 
load case, where i t i s known that f l u i d flow plays the major r o l e i n the 
deformation. 
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6 Discussion 
Many of the points f o r discussion have been put forward and dealt 
w i t h i n the relevant sections of Chapter 5. The discussion here i s to stress 
certain of the points raised and introduoe new topics of discussion not 
already covered. 
The results of the constant load tests can be seen to be broadly i n 
agreement with those of other workers. The s i m i l a r i t i e s recorded and 
previously discussed between confined and unconfmed results may not be as 
surprising as o r i g i n a l l y thought. The specimens used i n the unoonfined tests 
of t h i s work were a l l from bovine femurs. The cartilage on the trochlea 
was around 1 mm thick and the test specimen, as removed, had a diameter of 
about 5*6 mm. For the unconflned tests the cartilage i s l e f t attached to 
the subchondral bone. Considering t h i s geometry the 'unconfined* tests 
cannot be considered to be e n t i r e l y ' r a d i a l l y free', because of the large 
diameter to thickness r a t i o and the bone f i x a t i o n on one faoe. The 
quantitative differences between the results recorded i n section 5 and say 
those of Johnson (1974) f o r unoonfined t e s t s could therefore be p a r t l y 
accounted f o r by the fact that his tests were more r e a l i s t i c a l l y unconfined. 
The diameter to thickness r a t i o of his specimens would be about h a l f that of 
the specimens used here* 
The comparison nade i n figure 5«11 between the equilibrium stress-
s t r a i n curves f o r confined tests on three d i f f e r e n t species show the response 
of each species to be similar i n form but widely d i f f e r e n t i n magnitude. 
The dog t i b i a l oartilage used by Edwards proves to be much s t i f f e r than 
either the human or bovine c a r t i l a g e , with the bovine cartilage appearing 
softest. 
With regard t o a value for Poisson's r a t i o f o r cartilage, there have 
been several figures quoted for t h i s . Kempson et a l ( l 9 7 l ) give the average 
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Poisson's r a t i o as O.48 from tension tests on oanine a r t i c u l a r c a r t i l a g e . 
Hayes and Mockross (1971) calculated values from the experimentally obtained 
shear compliance coefficients and bulk creep compliances* They quote values 
of 0.42 f o r one seoond a f t e r loading, and 0.37 for a long term value. 
I t i s interesting to note that Hayes and Mookross note a sig n i f i c a n t 
decrease i n Poisson's r a t i o between short and long term t e s t s . From the 
experimental work of t h i s thesis, under dynamic conditions i . e . short term 
loading, the cartilage does appear to be behaving s i m i l a r l y to an 'ideal' 
material which maintains constant volume when stressed e l a s t i c a l l y , and 
therefore has a Poisson's r a t i o close to 0 .5 . However from the micrometer 
t e s t reported i n section 5«1 the conclusion can be drawn that the long term 
or 'slow' Poisson's r a t i o i s approaching zero, as the a x i a l applied stress 
has the ultimate result of producing only a x i a l s t r a i n . The resultant loss 
of volume, when stressed, i n a material with Poisson's r a t i o close to aero i s , 
i n the case of cartilage, achieved by expressing the i n t e r s t i t i a l f l u i d . 
Considering now the dynamic load experiments, the oreep strains 
achieved, due to the mean constant load applied, appear to be the same as 
the strains achieved for a similar s t a t i c load. The strain/time curves and 
stress/strain curves of section 5*1 are relevant to either the s t a t i c load 
t e s t s or the dynamic load tests. This result i s i n contrast to the findings 
of Simon (1971) and Linn (1967) who, as reported i n the l i t e r a t u r e review, 
found that the f i n a l strains attained i n o s c i l l a t o r y load tests were less 
than i n st a t i c load tests. 
The o s c i l l a t i n g load/deflection characteristics are essentially l i n e a r , 
as shown by the hysteresis loops. However the slope of the relationship 
(the oalculated modulus) increases as the creep s t r a i n increases. I n t r y i n g 
t o explain t h i s increase i n modulus with creep s t r a i n i t i s interesting t o 
consider an alternative modulus, E' . This alternative modulus i s baaed 
- 75 -
on a s t r a i n calculated from the current length, I , of the specimen as 
opposed to the o r i g i n a l length, l Q . 
correct the s t r a i n to £*-
£ : 4L 
since I = l 0 d - e ) 
€ = A e 
L ( l -€) 0-€) 
Therefore t h i s alternative modulus E' = A § -- (1 -£ ) 
which gives E' = E ( 1 - e ) 
Figures 6.1 - 6.3 show the variation of E and E with creep s t r a i n . 
Although E' s t i l l inoreases with creep s t r a i n , the increase i s far 
less than the increase i n E . This seems a reasonable conclusion because 
as the specimen strains the composition of the specimen i s a l t e r i n g . The 
r a t i o of matrix to i n t e r s t i t i a l f l u i d i s increasing. Both E and E' are 
moduli recorded f o r the combination, but with increased creep s t r a i n the 
modulus must become more dependent on the modulus of the matrix. This perhaps 
suggests that the modulus of the matrix alone i s higher than any of the moduli 
calculated from these experimental r e s u l t s . 
Considering now the effect of loading frequency on cartilage s t i f f n e s s , 
r e f e r t o figures 5*18 and 5*42. The frequencies chosen were those f a i r l y 
representative of fa s t 100 m sprinting, ordinary walking, and a slow dawdle. 
At these frequencies the experimental r e s u l t s , figure 5»18> which are the 
combined effect of f l u i d flow and elastic deformation, show very l i t t l e 
v a r i a t i o n i n the recorded st i f f n e s s due to change i n frequency. However 
frequency must ultimately have an effec t on the calculated modulus, f o r , i n 
the extreme, where the frequency i s zero, the equilibrium moduli are of the 
order of 1 x lO^N/m^, whereas i n the o s c i l l a t o r y t e s t s , f o r the range of 
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frequencies used the modulus i s around 1 - 10 z 10 N/m . This must be a 
result of f l u i d flow. I n the computer predicted relationships between 
st i f f n e s s and frequency, figure 5.42, which of course only deal with f l u i d 
flow, i t can be seen that as frequency increases the cartilage s t i f f e n s . 
However i t seems reasonable to state that over the range of frequencies 
chosen, although f l u i d flow increases i t s e f f e c t at the lower.end of the 
frequency range, i t i s s t i l l the elastic component which plays the dominant 
ro l e i n the deformation of the cartilage. 
I t would seem f a i r to state that the comparison between the 
experimental results and the predictions of the computer model are 
q u a l i t a t i v e l y rather disappointing. However the computational work has 
yielded some useful information. 
The computer model predicts solely the f l u i d flow contribution to 
deformation, and these are shown i n section 5«3 to be not p a r t i c u l a r l y close 
to the actual deformations recorded i n cartilage under constant load. 
However when considering dynamic loading, the predictions of the model tend 
to f a l l much more closely i n l i n e with the experimental conclusions about the 
deformation process. Qualitatively then i t seems reasonable to accept the 
predictions of the model as the oorrect f l u i d flow phenomena under dynamic 
loading. Above a l l the computer model confirms that for short duration 
loading, around the frequency of the walking cycle, f l u i d flow play3 v i r t u a l l y 
no part i n the dynamic component of the deformation. 
Prom the relationships of figures 5»21 - 5«27 i t i s seen that the 
computer predictions are very dependent on the relationships between the 
variables i n the analysis, and on the values of these variables, for instance 
the relationship of k =|*t(€) - A linear relationship similar to that 
proposed by Mansour and Mow (1976) can be seen i n figure 5»22, to produce 
very d i f f e r e n t characteristics from the L i t c h f i e l d relationship where 
k =£(e 3) 
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I t la relationships suoh as these that would seem to be par t l y 
responsible for the innaccuracies of the computer predictions f o r s t a t i c 
loading. I f these relationships were indisputably determined and values of 
such properties as porosity and permeability were determined absolutely for 
each specimen, then perhaps the predicted results would be more accurate 
f o r "each loading oase. ~ -
I t seems now possible t o describe the mechanical behaviour of 
a r t i c u l a r cartilage i n terms of the over s i m p l i f i e d rheological model of 
figure 6.4* I n t h i s case spring A i s a non-linear elastic spring representing 
the equilibrium behaviour of slow or long term compression te s t s , such as i n 
figure 5 -11 . Spring B i s a rubber-like material which cartilage would be i f 
a l l the f l u i d content were immobilised, and C i s viscous dashpot i n which the 
clearance decreases with displacement. Spring B i s much s t i f f e r than A at 
small strains and the dashpot C i s v i r t u a l l y locked at frequencies i n the 
range of one cycle per second and above; at such frequencies therefore the 
behaviour i s dominated by spring B, with A and C contributing t o long term 
changes v i z . creep s t r a i n . However as seen from experimental work the 
cartilage stiffness to o s c i l l a t o r y loads increases as creep s t r a i n increases. 
Therefore spring B i n t h i s rheological model must be such that i t increases 
i n s tiffness as creep s t r a i n increases, i . e . when components A and C are 
contributing more to the response. 
Under loads of short duration the response of the model w i l l be much 
l i k e that of rubber, with a high resistance t o volumetrio s t r a i n and a 
r e l a t i v e l y low resistance to shear s t r a i n . 
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7 Conclusions 
The experimental work has led to the following conclusions about the 
action of a r t i c u l a r oartilage i n the body under normal physiological 
conditions. 
I t appears that during a normal working day, including walking, standing 
s i t t i n g , etc., the oartilage w i l l become thinner and s t i f f e r . The average 
loading during the period would determine a d a i l y working thickness f o r the 
oartilage, with the oartilage resuming i t s unstrained dimensions during a 
night's r e s t . This 'daily working thickness' may not be achieved i n the same 
way as the equilibrium thickness arrived at during the laboratory t e s t s . I n 
the laboratory tests the f l u i d flow was a x i a l and i n t o a region of atmospheric 
pressure*, however, i n a j o i n t the syno r i a l f l u i d i n the contaot region w i l l be 
pressurised, and so flow w i l l presumably be less i n the a x i a l d i r e c t i o n , 
i . e . s t r a i g h t i n t o the contact zone, and r a d i a l flow w i l l occur. 
During the day then the cartilage becomes thinner and consequently 
s t i f f e r , i . e . takes on a higher elastic modulus, see figures 6.1 - 6.3* 
Fluctuations i n loading during t h i s period w i l l induoe only e l a s t i c responses 
of the c a r t i l a g e . I n terms of the oversimplified rheological model previously 
mentioned, during the day spring A compresses, the dashpot i s at i t s lowest 
clearance or t i g h t e s t and spring B has a higher s t i f f n e s s . 
The dynamic e l a s t i c modulus, E , of cartilage appears to be of the 
order of 1 x 1 when the cartilage has zero creep s t r a i n . This value 
might increase, depending on the species from which the cartilage was taken,, 
towards a value of the order of 1 x 10%/m2. Each speoies of cartilage has 
i t s own characteristics to dynamic and s t a t i c loading. 
As cartilage has been shown to react i n a l i n e a r e l a s t i c manner to 
dynamic loading the conclusion of Radin and Paul (1970) i s as one would expect. 
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This i s ~hat cartilage contributes l i t t l e to the load attenuation properties 
of j o i n t s . There i s only a t h i n coveiing of cartilage on the bone ends, the 
volume of cartilage i s small compared with the volume of the bone, and i t s 
damping i s very small at normal physiological loading frequencies. 
The cartilage covering on bone ends would seem therefore t o have the 
f unctions :_r 
1) providing a oompliant surface to enlarge the load-supporting 
area and reduoe the contact stress l e v e l . 
2) protect the underlying bone from mechanical damage that would 
be caused by di r e c t bone to bone oontaot. 
3) providing a low f r i c t i o n bearing surface with i n the j o i n t s to 
aid the elegan: meohanical functioning of a r t i c u l a t i n g j o i n t s . 
4) along with synovial f l u i d playing an important role i n the 
mechanics of the l u b r i c a t i o n of j o i n t s . 
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Appendix I 
Short study of subchondral bone 
This short study of the deflection characteristics of subchondral 
bone arose from the o s c i l l a t i n g load tests on a r t i c u l a r cartilage. As stated 
i n section 5*2 the very small deflections recorded i n o s c i l l a t o r y tests l ed 
to the scrutiny of the whole of the apparatus and procedure, as any deflection 
external t o the. deflection of the cartilage alone, would-introduce errors. 
The subchondral bone i s oanoellous bone overlayed with a t h i n layer of 
compact bone. Currey 0970) gives the following description of cancellous bone: 
"Cancellous bone i s found predominantly under synovial j o i n t s and areas 
i n which forces are applied over large areas. This indicates that i t s main 
funotion may be to transmit forces, where the stresses, i f the bone were s o l i d , 
would be ri d i c u l o u s l y low (and the weight of the bone correspondingly high), 
yet where the morphology of the situ a t i o n does not allow a mere thinning of 
the oortex of the bone; t h i s would pioduoe a too f r a g i l e s h e l l . " 
Many papers have been published on the properties of bone and on the 
relationship of such features as mineral content and collagen f i b r e orientation 
on these mechanical properties. However most published work has been on 
oompact bone tissue or even complete bones from various species and most of 
t h i s work involved the use of dried or chemically treated bone. The interest 
i n t h i s short study was on wet subchondral bone only, that was, l i k e the 
oartilage, removed from the animal shortly a f t e r slaughter, and not allowed 
to dry. 
Currey (l970,1974) i n these two papers not only quotes values of 
mechanical properties found by other researchers, but puts forward many points 
r e l a t i n g t o bone and especially cancellous bone that are of interest here. He 
says that "bone i s viscoelastio, but from the point of view of i t s function 
t h i s visooelastioity i s not nearly so important as i t i s for the more p l i a n t 
materials. This i s because, except i n the extremis, i t i s not the function 
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of bone to store or to dissipate energy." He maintains that the reaction 
of bone i n compression i s vastly d i f f e r e n t from tension, and for cancellous 
bone f a i l u r e i n compression i s aocompanied by considerable buckling. Cancellous 
bone i s considerably weaker and more p l i a n t than compact bone when tested on i t s 
own? however a statement such as t h i s i s not especially meaningful as cancellous 
bone i s always surrounded by a t h i n s h e l l of compact bone, jfhen making 
calculations on the properties of cancellous bone, i t i s generally accepted 
that the t o t a l cross-section may be used, even though some of the cross section 
13 occupied by the spaces i n the bone. Therefore properties calculated tend 
to refer to the whole specimen not th9 bone material alone. iVith increase i n 
mineralisation of bone, stiffness and s t a t i c strength increase, but the amount 
of energy absorbed i n s t a t i c loading and impact rises and then f a l l s . Currey 
showed that nature selects the ammount of mineralisation required i n individual 
bones to meet t h e i r function. 
I n t h i s research, similar tests to those on cartilage were performed 
on small c y l i n d r i c a l plugs of subchondral bone. The bone studied was from the 
L 
same sites as the bovine cartilage. I n the specimens tested, the reported 
covering of compact bone was of negligible thickness. The te s t specimens were 
removed with a trephine i n a similar way to the cartilage and bone specimens. 
The cartilage was then removed from the specimen with a scalpel blade. 
As stated previously t h i s was to be a minor investigation. Three 
primary tests were performed. These were confined o s o i l l a t i n g load tests* with 
the load o s c i l l a t i n g around a mean constant l e v e l . The response of the bone to 
t h i s constant load can be seen i n figure A1 which has been corrected f o r 
defleotion of the r i g * Prom the point of application of the load there 
appeared an immediate elasti c response producing the majority of the f i n a l 
s t r a i n . Up to about K minutes after load application there was a continued 
increase i n s t r a i n , but thereafter the s t r a i n increased only very s l i g h t l y f o r 
the duration of the t e s t , longer than 50 minutes. The most notable point gained 
from t h i s i s that the ultimate strains reached f o r these loads i s f a r smaller 
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than the ultimate strains recorded f o r cartilage at these loads. The 
deflections of the bone i s msignifioant compared to the cartilage deflections 
i n constant load cases, therefore the effect of the bone oan be disregarded i n 
the cartilage t e s t s . 
Figure A2 shows a constant incremental load test i n which one bone 
specimen *as repeatedly loaded and unloaded. The points on the curve were 
taken immediately after load application; however t h i s graph does include the 
deflection of the r i g . I t oan be seen that a f t e r the f i r s t load application, 
successive unloading and loading produced a repeatable curve. After the f i n a l 
unloading the bone was l e f t and the residual deformation d i d decrease with time. 
I t would appear then that wet subchondral bone acts i n an el a s t i o fashion to 
quickly applied loads, with time dependant responses being slow. 
The o s c i l l a t i n g component of the applied load allowed elastic moduli 
of the bone to be calculated. This was done exactly as for cartilage using the 
stress and s t r a i n amplitudes read o f f the oscilloscope photographs, a f t e r 
correcting for r i g deflections. As so few tests were undertaken, p l o t t i n g the 
results against creep s t r a i n or time yield s no s i g n i f i c a n t information. The 
only trend obvious from the results i s that the el a s t i c modulus of subchondral 
bone i s higher than that of cartilage by about one order of magnitude. I t 
appeared also that during the f i r s t few minutes after load application, i.e« i n 
the time taken to achieve most of the equilibrium s t r a i n , the modulus was lower 
than for the rest of the loaded period. 
The average values of the modulus recorded were.-
before the equilibrium s t r a i n , 0.63 x 10%/m 2 
after the equilibrium s t r a i n , 2.12 x 10%/m 2 
Currey (1970) quotes the following values for the e l a s t i c modulus of 
bone. From tests on prisms of cancellous bone, taken from a l l parts of human 
femora the average value of E i s 0.245 x 10%/m2, the value being 0.176 x lO^N/m 
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f o r specimens above 71 years of age and 0.32 x 10 N/m for specimens below 
71 years of age (Bvans and King). These values are around V30 °^ t h e ""odoLiis 
of compact bone. Values ranging from 6.7 - 21.0 x 10%/m 2 are quoted for the 
e l a s t i c modulus of cubes of compact bone from an ox femur i n compression at 
low s t r a i n rate (Bird, Becker, Healer and Messer) and 18.6 x 10'N/m2 for 
similar specimens under similar conditions (McBlhaney). A higher value 
9 2 ~ 
29.0 x 10 N/m (McBlhaney, Fogle, Byars and Weaver) from compression tests 
on an ox femur i s recorded, although Currey reports that t h i s value could be 
abnormally high due to the t e s t i n g conditions. 
From these quoted figures, and the experimental work done for t h i s 
research, i t would seem that i n tests of cartilage, where the oartilage i s not 
removed from the bone, i t i s not permissible to ignore deflections of the 
bone. Other workers, especially those performing the unconfined type of te s t 
on cartilage have chosen to ignore bone deflections i n t h e i r calculations. 
This may be understandable i f they were accepting the higher figures for the 
elastic modulus, i.e . that f o r compact bone, as the elasti c modulus for the 
subchondral bone. However i t has now been shown that the modulus of 
subchondral bone i s lower, and close enough to the modulus of cartilage to 
require consideration. 
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riG 2*1 
Schematic view o f the c o l l a g e n f i b r i l l a r o r g a n i s a t i o n i n 
human A C. i n the f u l l t h i c k n e s s block, from the s u r f a c e to 
the deep subchondral bone, approximately 50x f u l l s i z e 
Reproduced by k i n d permission of Minns and Stevens (1976) 
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F I G 5-16 HYSTERESIS LOOPS UNCONFINED TESTS 
A BOVINE 
STRESS AMP 0,64 MN/ni2 
STRAIN AMP 0.0021 
PHASE 6 ° 
13 BOVINE 
STRESS AMP 0 . 1 3 MN/in^ 
STRAIN AMP 0 .0093 
PHASE 2 1 ° 
STRESS 
n 3 
> 
S T R A I N 
C RUBBER 
STRESS AMP 0 .57 MN/ra 
STRAIN AMP 0.0324 
PHASE 1 7 ° 
FIG 5-17 ELASTIC MODULUS v CREEP STRAIN 
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FIG518 EFFECT OF LOADING FREQUENCY ON CARTILAGE STIFFNESS 
ELASTIC MODULUS v CREEP STRAIN 
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FIG 5-19 EFFECT OF LOADING FREQUENCY ON CARTILAGE STIFFNESS 
ELASTIC MODULUS v CREEP STRAIN 
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FIG WO EFFECT OF MODIFYING THE COMPUTER MODEL 
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FIG5-42 EFFECT OF LOADING FREQUENCY ON 
THEORETICAL CARTILAGE STIFFNESS 
"FLUID FLOW" ELASTIC MODULUS v CREEP STRAIN 
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FIG 6-1 ELASTIC MODULI E & E ' V CREEP STRAIN 
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FIG 6 2 ELASTIC MODULI E & E' V CREEP STRAIN 
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FIG 6-3 ELASTIC MODULI E 8.E' v CREEP STRAIN 
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A SIMPLE RHEOLOGICAL MODEL OF 
ARTICULAR CARTILAGE 
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